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ABSTRACT 
Despite evidence of the geologic and morphologic complexity of inner shelves 
worldwide, there is a paucity of observations from the nearshore, inhibiting direct 
comparison of these factors to coastal change. Using geophysical instruments to 
characterize the geology of the nearshore, this research focuses on the relationships 
between nearshore stratigraphy, sediment heterogeneity, shoreface morphology and 
shoreline behavior. While generally not considered in engineering models of shoreline 
evolution, these factors influence nearshore processes. Overall, the findings presented 
highlight the importance of nearshore geology, both at the seafloor and underlying it, in 
contributing to modem sediment transport processes affecting beaches. Shallow, sub-
seafloor geology limits the availability of nearshore sediment available for exchange with 
the shoreline and is correlated to shoreline change occurring over time scales related to 
coastal sediment resource management (decades). Shore-oblique sandbars are related to 
higher volumetric variability in the nearshore and on the beach, whereas traditional 
shore-parallel sandbars are not. Shorelines adjacent to shore-oblique bars respond to 
hurricanes and nor'easters differently than other regions of shoreline, helping to explain 
some spatial variability in patterns of shoreline erosion and accretion. Finally, the 
geologic framework underlying the seafloor is a source of mixed sediments to the modern 
coastal system. This contribution has implications for the formation and preservation of 
specific inner shelf morphologies associated with varied sediments. These results further 
our knowledge of the geologic variability inherent to sandy coastlines and challenge 
coastal scientists and engineers to represent this natural variability in predictive models of 
shoreline change to better predict coastal response to rising sea level and storms. 
xm 
INFLUENCE OF FRAMEWORK GEOLOGY ON COASTAL PROCESSES 
Introduction 
INTRODUCTION 
An understanding of coastal processes is necessary to properly manage coastal 
resources, especially as coastal populations grow and sea level continues to rise. In order 
to address sediment management issues, like beach renourishment, it is imperative to 
understand the interconnection between the shoreline and the complex characteristics of 
the surf zone and inner shelf. Attempting to accurately predict shoreline behavior is one 
of the most difficult goals of coastal geologists and engineers. Many attempts have been 
made to predict shoreline response to shoreface profile change [Dean, 1991], engineering 
structures [GENESIS; Hanson and Kraus, 1989], and storms [SBEACH; Larson and 
Kraus, 1989]. Each of these models relies on the concept of shoreface profile 
equilibrium as proposed by Dean [1987], which is based on work by Brunn [1954, 1962]. 
Dean argued that a very simple equation (h(y) = Ay(213;) that considered water depth (h), 
distance from the shoreline (y) and a sediment dependent scale parameter (A, generally 
grain size) could be used to represent profile change by wave energy dissipation. It was 
also assumed that the morphology of the shoreface was two-dimensional, or uniform in 
the alongshore direction. 
Improvements of geophysical instrumentation, remote sensmg, and global 
positioning have provided new insight to the complexity of the nearshore and inner shelf, 
and these observations have called into question the concept of shoreface profile 
equilibrium [Pilkey et al., 1993]. Geophysical data have shown that the shoreface and 
inner shelf cannot be accurately characterized using a single grain size and/or uniform 
2 
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shoreface slope due to 1) the presence of heterogeneous sediment and three-dimensional 
morphology [Cacchione eta!., 1984; Thieler eta!., 1995; Schwab eta!., 1997; Goff eta!., 
2005; Ferrini and Flood, 2005; Green eta!., 2004; Anthony and Leth, 2002; McNinch, 
2004; Harris et al., 2005; Li and King, 2007; Harrison et al., 2003; Schupp et al., 2006] 
and 2) the influence of the geologic framework [Boss et al., 2002; Honeycutt and Krantz, 
2001; Demarest and Leatherman, 1985; Browder and McNinch, 2006; Riggs eta!., 1995; 
Mallinson et a!., 2005; Schwab et a!., 2000]. Furthermore, remotely collected video 
images have demonstrated both the spatial and temporal variability of longshore bar 
migration and morphology [Konicki and Holman, 2000; Holland eta!., 1997; Lippmann 
and Holman, 1990; Lippmann and Holman, 1989]. Additionally, improved accuracy in 
global positioning have allowed high resolution observations of spatial and temporal 
shoreline variability that is difficult to explain using existing conceptual models of 
shoreline change [List et a!., 2006]. All of this research demonstrates the need for 
geological characterization of the nearshore, specifically regarding sediment 
heterogeneity and morphology. Only then can the roles these factors play in afftecting 
shoreline behavior be determined. 
This research has focused on the interactions of coastal stratigraphy, sediment 
heterogeneity, nearshore morphology, and shoreline change. Each of these factors 
influence each other, and that they all play significant roles in modem shoreline and 
shoreface dynamics. The first part of this dissertation addresses how shallow nearshore 
stratigraphy controls the volume of transport-relevant sediment in the nearshore thereby 
affecting decadal shoreline change. Unlike previous investigations of the influence of 
framework geology on shoreline behavior, a parameterization of qualitative geophysical 
Introduction 4 
observations is presented and is suggested for use in models of shoreface evolution. 
Next, the simultaneous evolution of complex nearshore morphology and lithology in 
relation to shoreline behavior is considered over short-term and storm-related time scales 
and characteristics most affecting shoreline change are suggested. This research provides 
some of the first direct evidence of the longshore variable response of the nearshore to 
storm events (most previous studies have focused on beaches) and adds to the growing 
body of literature that questions the role of alongshore-uniform sediment transport in 
coastal systems. Finally, the relationship of nearshore morphology and lithology to 
coastal stratigraphy is examined. Stratigraphic sediment heterogeneity appears to be a 
key factor in the preservation of observed morphology on the shoreface and has 
implications for the genesis of other inner shelf morphologies, such as rippled scour 
depressions and sand ridges. Though previous investigators have tried to simplifY coastal 
systems in order to predict how beaches will respond to events over a range of temporal 
scales, the research presented herein demonstrates that it is all of the complexities above 
that contribute to observed behavior. If our goal is to accurately and successfully predict 
shoreline behavior, we absolutely cannot ignore these relationships in predictive models 
of coastal response. 
Sediment volume and shoreline change 
SECTION I: CALCULATING SHORELINE EROSION POTENTIAL USING 
NEARSHORE STRATIGRAPHY AND SEDIMENT VOLUME: OUTER BANKS, 
NORTH CAROLINA, USA** 
Abstract 
Despite the acknowledged influence of coastal geological framework on the 
behavior of beaches and barrier islands and a wealth of geological and bathymetric 
observations from the inner shelf, quantitatively connecting those observations to 
shoreline behavior has been difficult. Nearshore geologic and morphologic variability 
described by recent research is not well represented by conventional geologic parameters, 
such as mean grain size and shoreface slope, used in most shoreline change models. We 
propose that total nearshore sediment volume, as calculated to a continuous seismic 
reflection surface, provides a flexible and robust metric for use in the prediction of 
shoreline change. This method of determining the volume of sediment in the nearshore 
accounts for three-dimensional sand bar morphologies and heterogeneous seafloor 
sediments. The decadal-scale shoreline change rate for northeastern North Carolina is 
significantly correlated to the volume of sediment in the nearshore when a geologically 
defined base is used in volume determinations, suggesting the shallow stratigraphic 
framework of transgressive coasts is an important influence on decadal shoreline 
behavior. Nearshore sediment volume was overestimated when an arbitrary depth-
constant baseline was used and was not correlated to decadal shoreline change. This 
implies that a volume metric which accounts for both framework geology and variable 
seafloor morphology better represents the geologic character of the shoreface and may 
help to improve existing models of shoreline change. An empirical model of regional 
shoreline erosion potential demonstrates the importance of incorporating nearshore 
sediment volume, shallow framework geology, and surface morphology when predicting 
seasonal to decadal shoreline evolution. 
5 
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1.0 Introduction 
The quantity of transport-relevant sediment, sediment that can be actively 
transported in the modern littoral system, is considered in two ways in numerical 
sediment transport models. First, a thin sediment layer defined by small-scale bedforms 
on the seabed is thought to represent the active envelope of sediment over time scales of 
seconds to months in many short-term sediment transport exercises [Harris and Wiberg, 
2001; Harris and Wiberg, 2002]. Second, the total volume encompassed between a 
constant depth base (some determination of depth of closure) and the seafloor is often 
considered to be homogenous and available for shoreface profile evolution over long 
timescales [Bernabeu et al., 2003; Dean, 1977; Dean et al., 1 993; Hallermeier, 1 978; 
Kana, 1 995]. These methodologies create· a substantial gap in temporal scale with 
respect to when sediment may be available for transport within the active littoral system 
and do not accurately reflect the volume of sediment available during this time period of 
years to decades. This paper proposes a new methodology for determining the volume of 
transport-relevant sediment that spans years to decades by using a geology-defined base 
from which to determine volume. We present results from the Outer Banks of North 
Carolina that indicate a correlation between decadal scale shoreline change and 
geologically defined nearshore sediment volume. This work not only has implications 
for sediment transport models but also may profoundly influence how sediment 
availability is considered in beach and nearshore settings. Furthermore, these results go 
beyond qualitatively connecting geology and shoreline change through the 
parameterization of geophysical observations and suggest a possible mechanism by 
which geology exerts control on shoreline evolution. 
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1.1 Framework geology and shoreline change 
The influence of framework geology in coastal processes, though believed by 
many to play a significant role [Boss et al., 2002; Browder, 2005; Harris et al., 2005; 
Hine and Snyder, 1985; McNinch, 2004; Rice eta!., 1998; Riggs et al., 1995; Schupp, 
2005; Thieler eta!., 1995; Thieler eta!., 2000; Thieler eta!., 2001; Tiedeman, 1995], is 
poorly understood and not well represented in conceptual or numerical models of 
shoreline change. This problem stems, in part, from the fact that geology has not been 
synthesized to create a variable capable of being easily incorporated into models of 
shoreface and shoreline change while at the same time representing the geologic 
variability of coastal systems [Honeycutt and Krantz, 2003]. The primary obstacle to the 
development of a geologic metric for shoreline change studies is the difficulty of 
transforming qualitative, geophysical observations into parameters that can be used in 
quantitative models. Mean grain size and shoreface slope have traditionally been used to 
represent shoreface sediment and morphology, but geophysical surveys of the nearshore 
and shelf have demonstrated the influence of framework geology not only on barrier 
island evolution and modem geomorphology [Belknap and Kraft, 1985; Demarest and 
Leatherman, 1985; Evans et a!., 1985] but also on sediment heterogeneity and 
morphologic variability of the shelf [Harris eta!., 2005; McNinch, 2004; Riggs eta!., 
1995; Schwab eta!., 1997; Thieler eta!., 1995]. This has forced a reevaluation of the 
utility of the traditional parameters and of the interaction between waves, currents, and 
seafloor characteristics [Pi/key eta!., 1993; Thieler et al., 1995; Thieler eta!., 2000]. 
Despite gains made in characterizing the geology of nearshore and inner shelf 
systems, little progress has been made in quantifying and parameterizing geological 
Sediment volume and shoreline change 8 
observations and their influence on shoreline change. Thieler and others [1995] 
demonstrated the spatial heterogeneity of inner shelf sediments due to the influence of 
framework geology and implied a connection between their observations and shoreline 
change. Nevertheless, this connection was indirect given that few data were collected in 
the nearshore where much of the sediment exchange between the beach and shelf occurs 
[Wright and Short, 1984]. Schwab and others [2000] convincingly linked barrier island 
stability (a proxy for shoreline change) to increased sediment supply from the reworking 
of relict inner shelf sediments and McNinch [2004] visually correlated shore-oblique bars 
and concomitant exposures of the underlying strata to shoreline change. While both 
studies were integral in asserting the influence of framework geology on shoreline 
behavior, neither was able to quantify the spatial relationships presented. 
Honeycutt and Krantz [2003] suggested geostatistics as a means for quantifying 
spatial relationships on geologic scales and were successful in statistically relating large-
scale geologic transitions to shoreline change in Delaware. Schupp [2005] took the work 
of McNinch [2004] a step further and used statistics to quantify the relationship between 
the presence of shore-oblique bars and gravel outcrops and shoreline change. Though 
quantitative analyses were pursued in these last investigations, neither produced a 
geological metric useful for predicting shoreline behavior. 
These recent investigations provide strong evidence that the geologic framework 
of the inner continental shelf contributes to surface sediment heterogeneity, shoreface 
morphology and sediment availability. For that reason, we believe it is important to 
parameterize the influence of antecedent geology so that it can be successfully integrated 
into shoreline change models. 
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1.2 Transgressive surfaces as a volumetric baseline 
Investigations into the Quaternary history of shelf sediments in North Carolina 
have shown a series of fluctuations in sea level producing both transgressive sequences 
and regressive unconformities [Mallinson et al., 2005; Riggs et a!., 1992]. Spatial 
variability in preservation potential, largely due to fluvial incision during the last 
lowstand of sea level, contributes to the complex stratigraphy of the shelf [Belknap and 
Kraft, 1985; Mallinson et al., 2005; Riggs et al., 1992]. This phenomenon is not specific 
to North Carolina, as investigations of the shelf off the east coast of the U.S. show 
numerous examples of fluvial incision and infilling during the Pleistocene when sea level 
was lower [Belknap and Kraft, 1985; Duncan et al., 2000; Foyle and Oertel, 1997; 
Toscano, 1992; Toscano and York, 1992]. Presently, and for the last 10,000 years, sea 
level is rising and many shorelines are retreating landward in response. Transgressive 
ravinement surfaces, regional stratigraphic features that mark the landward progression of 
the shoreface during the last transgression, cap infilled paleochannels of the U.S. Atlantic 
shelf and have been repeatedly identified in many investigations [Browder, 2005; 
Demarest and Kraft, 1987; Duncan et a/., 2000; Fischer, 1961; Foyle and Oertel, 1997; 
Goff et al., 2005; Stamp, 1921; Swift, 1968]. Because upper infilling sequences are 
thought to have started in the late Pleistocene and early Holocene [Mallinson et al., 2005; 
Riggs et al., 1992], the transgressive ravinement surfaces do not necessarily represent the 
basal Holocene surface in North Carolina. Transgressive ravinement surfaces generally 
separate shoreface and nearshore sands from estuarine/lagoonal sediments [Swift, 1968; 
Walker, 1992] and are often tenned erosional or transgressive lags because ravinement 
processes winnow out smaller grain sizes [Cattaneo and Steel, 2003]. Also, the surfaces 
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are generally physically continuous in open-coast marine systems [Cattaneo and Steel, 
2003]. Transgressive ravinement surfaces are also characterized by lithological changes. 
Transgressive lags are coarse-grained deposits comprised of shells, gravel, and pebbles 
produced during shoreface erosion [Cattaneo and Steel, 2003; Van Wagoner et al., 1990]. 
Because of their continuous nature and distinct lithology, transgressive 
ravinement surfaces have been easy to identify in high-resolution seismic profiles 
[Duncan et al., 2000; Foyle and Oertel, 1997; Goff et al., 2005] making them ideal for 
use as a baseline for nearshore volume calculations. Transgression is a process that 
occurs over large spatial scales (i.e. 102-103 km). Smaller scale, discontinuous reflection 
surfaces (10-1-101 km) are most likely related to more local processes, such as those that 
create storm beds, and could not be confused with a transgressive surface in a regional 
investigation. Additionally, transgressive ravinement surfaces are usually physically 
continuous, suggesting that the material below them is segregated from the material 
above. We argue that sediment below the transgressive surface in the region of the surf 
zone and beach may be exhumed and mined by an active, modem ravinement surface but, 
in most cases, this will occur over time scales much longer than those discussed in this 
paper and thereby contribute only insignificant volumes of sediment. Furthermore, 
although the age and lithology ofthe most recent (uppermost) transgressive surface varies 
depending on region and cross-shelf location, the overlying Recent sandy sediment found 
in the nearshore and beach provides a more accurate quantification of transport-relevant 
sediment. Finally, transgressive ravinement surfaces have been identified not only on the 
east coast of the U.S [e.g. Duncan et al., 2000; Foyle and Oertel, 1997; GC?ff eta/., 2005], 
but also in other transgressive systems worldwide [Hequette et al., 1995; Tortora, 1 996], 
Sediment volume and shoreline change 11 
thereby increasing the applicability of the approach presented in this paper to other 
coastal systems. 
1.3 Measures of nearshore sediment volume 
Sediment volume traditionally has been calculated by means of repeated cross-
shore profiles [Davis et al., 2000; Emery, 1961; Hicks et al., 2002; Hill et al., 2004; 
Kana, 1995; Lee et al., 1998]. The volume measured, however, is often a change in 
volume between the first profile surveyed and the most recent profile and does not 
represent the total amount of sediment that may be available over time. The latter 
measure is especially important on sediment-starved coasts, like that of North Carolina. 
If total volume is determined using cross-shore profiles, it is often calculated from an 
arbitrary baseline, drawn from the depth of closure landward [Hallermeier, 1978; 
Hallermeier, 1981; Kana, 1995; Nicholls et al., 1998], and assumes an infinite layer of 
homogenous sediment [Bernabeu et al., 2003; Dean, 1977; Dean et al., 1993] (Figure 
lA). However, as some studies have shown, this is not a valid assumption [McNinch, 
2004; Pilkey et al., 1993; Thieler et al., 1995; Thieler et al., 2001] and may artificially 
inflate the amount of sediment available [Schwab et al., 2000]. In addition, cross-shore 
profiles may not be representative of the entire beach. Given the spatial and temporal 
variability of the shoreline [List and Farris, 1999; Stockdon et al., 2002]; the alongshore 
variability in the nearshore bar, not only in its position but also its morphology [Konicki 
and Holman, 2000; Lippmann and Holman, 1989; McNinch, 2004]; and the differing 
geological characteristics of the nearshore and the beach, the results of discreet profile 
surveys may not be applicable to the beach 100 m away, let alone in a completely 
different system. A more realistic cross-shore profile scenario is shown in Figure lB, in 
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which the wedge of shoreface sand is dissected by a stratigraphic contact and is not 
homogenous. 
Over shorter time periods (hours, days, weeks), hydrodynamicists have quantified 
the response of cross-shore profiles to energetic events [Elgar et al., 2001; Gallagher et 
al., 1998; Lee et al., 1998]. The methods used often rely only on cross-shore 
hydrodynamic measurements and assume little to no input from longshore transport or 
other sources, so it is difficult to include their short-term observations as part of a 
dynamic sediment budget considering decadal shoreline change. Kana [1995] 
determined a mesoscale ( ~ 1 01 to 102 kms; 1 01 to 102 years) sediment budget for Long 
Island, New York. However, he relied on two-dimensional cross-shore profile data using 
a determined depth of closure as a baseline for volume calculations, which likely over-
estimated the total amount of sediment [Schwab et al., 2000]. Regional sediment budgets 
have also been determined from a geological perspective, such as the volume of sediment 
that spans the Holocene [Kelley et al., 2005; Locker et al., 2003; Schwab et al., 2000], but 
correlation of nearshore sediment volume to shoreline change was not tested. 
We generate our nearshore sediment volume parameter based on a transgressive 
surface identified in North Carolina in three-dimensions (cross-shore, alongshore, 
vertical) using densely spaced geophysical observations. While hydrodynamic processes 
control the seafloor surface or upper limit of our calculation, the lower limit is 
determined by the depth to the interpreted stratigraphic contact. Using this observation-
based method, we generate a volumetric parameter that accounts for the described 
geologic variability of the nearshore (surficial and sub-bottom), represents a time scale 
more appropriate for annual-decadal shoreline erosion modeling, and can be easily 
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compared with shoreline change measurements. As such, this paper addresses the 
following objectives: 1) measure the spatial variability of sand thickness in the nearshore, 
2) determine if nearshore sediment volume defined by a depth constant (arbitrary depth 
of closure) correlates with shoreline change, and 3) assess the relationship between 
geologically defined nearshore sediment volume and decadal shoreline change. 
2. Study Area 
2.1 Geologic setting 
The coastline of North Carolina is made up of a series of barrier islands which 
form arcuately shaped cuspate forelands that front the extensive estuarine complex of the 
Albemarle and Pamlico Sounds (Figure 2). The long, linear barrier islands (Outer 
Banks) are typical ofthose formed in microtidal, wave dominated systems and have few 
inlets [Hayes, 1979]. The study area is located in the northeastern portion of the Outer 
Banks on the Atlantic side of Bodie Island, from Duck, NC to southern Nags Head, NC 
(Figure 2B). The geology of the coastal plain of North Carolina is controlled by the 
crystalline basement surface on which the coastal plain sediments were deposited. This 
surface is not a seaward dipping platform, but instead is composed of a series of arches 
and basins [Horton and Zullo, 1991]. The Albemarle Embayment underlies the study 
area, which is bounded by two topographic highs: the Norfolk Arch to the north, and the 
Cape Fear Arch to the south [Horton and Zullo, 1991]. The basin-like nature of the 
embayment served to preserve much of the Quaternary sequence (50-70 m thick) in the 
northern coastal province, deeply burying the Tertiary and Cretaceous strata [Riggs et al., 
2002; Riggs et al., 1992]. Using seismic reflection data, Mallinson and others [2002] 
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determined that gently dipping Miocene beds were overlain by the southward prograding 
beds of the Pliocene unit, which is unconformably overlain by the Quaternary section. 
Pleistocene sediments recorded many changes in sea level due to glaciation and 
were extensively incised by fluvial channels during periods of lower sea level [Mallinson 
et al., 2005; Riggs et al., 1995; Riggs et al., 1992]. Perhaps the most dramatic example of 
this process is the paleo-Roanoke River valley, which has been dated as Pleistocene or 
Holocene in age [Mallinson et al., 2005]. The paleo-river channel dominates the upper 
stratigraphic record in the eastern part of the Albemarle Sound [Mallinson et a!., 2005] 
and has also been mapped on the Atlantic side of Bodie Island, underlying the town of 
Kitty Hawk [Boss eta!., 2002; Browder, 2005]. Sediments within the paleo-river channel 
are composed of muds, peats, sands, and gravels [Riggs et a!., 1992; Schwartz and 
Birkemeier, 2004]. 
Cores described by Rice and others [1998] and Schwartz and Birkemeier [2004], 
suggest that Holocene sediments thin to less than a meter in ~ 10 m water depth near the 
US Army Corps of Engineers Field Research Facility in Duck, NC (USACE-FRF). In 
southeastern North Carolina, the modern sediment layer, where observed, has been 
described as a "veneer" [Riggs et al., 1996; Thieler eta!., 2001 ]. Riggs and others [1996] 
related the sediment starved nature of the South Atlantic Bight to lack of input from 
rivers and argued that the only source of sediment to the inner shelf and nearshore was 
through the reworking of relict sediments. Long-term and short-term erosional hotspots 
have been identified on the beach in our study area by Benton and others [1997] and List 
and Farris [1999]. 
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2.2 Physical setting 
Given the presence of the USACE-FRF in Duck, NC, detailed oceanographic 
characteristics of the study area are available online 
(http://www.frf.usace.army.mil/frfdata.html) and will only be summarized here. Tides 
are semi-diurnal with a mean range of~ 1 m [Birkemeier et al., 1985] and a spring tide 
range of~ 1.2 m [Fenster and Dolan, 1993]. The average significant wave height is 1.1 ± 
0.6 m (from 1980-1999, http://www.frf.usace.army.mil/frfdata.html). Wave energy is 
highest during the fall, winter, and early spring due to the frequency of extratropical 
storms (nor'easters) [Lee et al., 1998]. Storm series were found to have greater impact on 
shoreface profile and beach change than individual stom1s [Lee et al., 1998]. The 
coastline is subject to hurricanes and tropical storms in the summer and fall months. The 
mean direction of longshore currents is to the south, though the current appears to flow to 
the north during periods of low wave energy (data available online at 
http://www.frf.usace.armv.mil/frfdata~html). 
3. Methods and Results 
3.1 Nearshore geophysical observations 
3.1.1 Methods 
Over 400 line-kilometers of geophysical data were collected from May to June of 
2002 along the coast of the Outer Banks of North Carolina, spanning the region from 
Duck, NC to just north of Oregon Inlet, aboard the U.S. Army Corps of Engineers' 
(USACE) amphibious LARC. The study area was separated into 5 km2 blocks in which 
shore-parallel and shore-perpendicular lines were surveyed, at a line spacing of 100-150 
m and 2.5 km respectively. All data were spatially referenced in real time using RTK-
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GPS. An interferometric swath system (Submetrix series 2000; 234 kHz) was used to 
map the bathymetry of the seafloor from ~ 1.5 m to ~ 15 m water depth or from as close to 
the beach as possible to approximately 1 km offshore. Acoustic backscatter from the 
same system was also collected to obtain information on changes in surficial seafloor 
lithology. High-resolution, chirp seismic reflection data (Edgetech 216, 2-10 kHz; speed 
of sound = 1750 m/s) were collected in order to image shallow, nearshore stratigraphy. 
The integration of the swath bathymetry, acoustic backscatter and chirp seismic allowed 
for a multi-dimensional approach, capturing the along-, cross-shore, and vertical 
variability of not only the seafloor, but also the underlying strata. 
Seafloor depths (swath bathymetry) were heave- and tide-corrected to mean low 
water (MLW) using observed tides at the USACE-FRF in Duck, NC. The data were then 
gridded, despiked, and smoothed. The grids were interpolated using kriging at a spacing 
of 50 m, which was determined to be the best method based on the anisotropic nature of 
the dataset. A simple linear semi-variogram was used with an anisotropy ratio of one and 
a variogram slope of one. Seismic reflection data were processed using SonarWeb Pro. 
Continuous and discontinuous sub-bottom reflectors were identified and digitized, as was 
the seafloor reflection. Heave is apparent in the seismic profiles because no swell filter 
was applied during acquisition. Digitization of the reflections were visually estimated 
through the heave for both seafloor and sub-bottom reflections and were completed by 
one person thus limiting subjective differences that may occur when multiple persons 
participate in data processing. Sediment thicknesses for the survey area were calculated 
by subtracting the sub-bottom reflector depths from the seafloor depths at each digitized 
point. The thickness (i.e., surface of uppermost continuous reflector) was then subtracted 
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from the seafloor bathymetry grid so as to relate the uppermost, continuous reflection 
surface to a vertical datum, in this case, MLW. Isopach maps and maps ofthe continuous 
sub-bottom reflection were created for each 5 km2 region using interpolated grids with a 
50 m spacing. 
3.1.2 Results 
Because the results from the work of McNinch [2004] are the basis for this study, 
they are summarized here for the purpose of describing nearshore morphology. The 
bathymetric data revealed many examples of a typical, concave-up shoreface with shore-
parallel contours as well as regions with groups of shore-oblique sand bars. These sand 
bars were present in three clusters (Figure 2B), although they varied in the extent of their 
expression (Figure 3). Usually, they spanned the width of the nearshore (~1 km), had 1-
1.5 m of relief, and ranged from 100-500 m wide. The acoustic backscatter data showed 
that the surf zone and nearshore did not have a homogenous surficial sediment 
composition. In fact, most of the variability in seafloor lithology was associated with the 
shore-oblique features, in that rippled, coarser sediment (Figure 4) almost always 
appeared in a bathymetric low, or trough, to the north of each shore-oblique sand bar. 
The position of the sand bars and gravel outcrops persisted throughout a variety of 
forcing conditions [McNinch, 2004]. 
Seismic reflection data reveal that the rippled, gravel portions of the seafloor are 
exposures of an underlying substrate (Figure 5). The seismic and acoustic backscatter 
data were ground-truthed via grab samples of the surface sediment and vibracores 
[McNinch, 2005], which demonstrated that the shore-oblique bars were fine to medium 
sand and the underlying continuous substrate (at least where it was exposed at the surface 
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of the seafloor and cored) was gravel, coarse sand and/or cohesive mud. Interpretation of 
the seismic data indicated that the exposures were part of one continuous reflection 
surface, designated Rl, underlying the entire survey area. In the northernmost 10 km2 
section, a second reflection surface was identified above Rl (Figure 5, Block 1 ). 
However, to the south, the second reflection was either missing or discontinuous (Figure 
5, Block 3 and Block 6). 
Sediment thicknesses were measured from the seafloor to the continuous reflector 
(Rl ). Sediment thicknesses above Rl for eight 5 km2 survey blocks are detailed in Table 
1. The results clearly show how the upper, sandy layer thins towards the south of the 
survey area. The average thickness of sediment above Rl in the surveyed area is less 
than 0.5 m. Standard deviations in sediment thickness, used as a proxy for variability of 
sediment distribution, were calculated for each 5 km2 block. Variable sediment 
distribution (high standard deviation) is associated with the blocks in which shore-
oblique bars and rippled gravel patches were present. In Figure 6, individual thickness 
measurements are spatially plotted in map view for comparison with shoreline change. 
Though the sediment clearly thins toward the south, there is no visually apparent trend 
between thickness and variability in decadal shoreline change. 
3.2 Volume calculations and results 
3.2.1 Methods-Geologically defined volumes 
To calculate nearshore sediment volumes, each 5 km2 survey block was sub-
divided into five ~ 1 km2 blocks for a total of forty ~ 1 km2 blocks for the entire survey 
area. The isopach for the smaller blocks was interpolated with a 10 m grid spacing using 
kriging. Again, a simple linear semi-variogram was used with an anisotropy ratio of one 
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and a variogram slope of one. Volumes (m3) were calculated using the Trapezoidal Rule 
in Surfer®. The area of the sub-blocks was not exactly 1 km2 after gridding. When the 1 
km2 blocks were subdivided from the larger blocks, the number of grid nodes at the 50 m 
spacing may not have been consistent within each division. Therefore, the volumes were 
normalized so that areal effects would not bias the calculations. The following equation 
was used to normalize the data where Ai is the area of individual 1 km2 block i, A max is the 
maximum area of all 1 km2 blocks, and Vi is the volume of sediment calculated for 1 km2 
block, i: 
Vi / (A/ A max) = V normi (1) 
Note that (A/Amax) is a dimensionless ratio and therefore the final units for normalized 
volume are in cubic meters. 
The volume of shore-oblique bars was calculated to determine their volumetric 
contribution. The limits of each shore-oblique bar were visually estimated from maps of 
the bathymetry and digitized in Surfer®. The isopach data were culled to the area of the 
bar limits and the volume of just that area was calculated using the Trapezoidal Rule in 
Surfer®. The total amount of sediment contained within the bars regionally and locally 
was also calculated. For the regional calculation, the sum of the volume of all of the bars 
(Vbi) was divided by the sum of the normalized volume of each individual sub-block 
(Vnormi): 
Regional Percentage= [2: (V,;) I L (V,wrmi))]* 100 (2) 
For the local calculation, the sum of the volume of the bars in one particular bar field 
( Vbxi) was divided by the sum of the normalized volume of each individual sub-block in 
that bar field ( V,wrmxi): 
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Local Percentage= [I (Vbxi) I L: (Vnormxi))]* 100 
3.2.2 Methods- Volumes defined using depth o.f closure 
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(3) 
The volume between seafloor bathymetry and a horizontal plane at a depth of 
closure elevation relevant to the study area was calculated for each 1 km2 sub-block. 
Depths tested were -6, -8, and -9 m (relative to ML W) and correspond to averages from 
12 years of profile measurements, empirically derived depths using wave heights, and an 
estimate of depth of closure over time periods greater than one year, respectively 
[Nicholls et al., 1998]. Because information for the empirical depth of closure equation 
is more widely available than data from a 12-year beach profile survey, the -8 m depth is 
used for the correlation analysis [Hallermeier, 1978]. 
3.2.3 Shoreline change data and cross-correlation 
North Carolina Division of Coastal Management (NC DCM) calculated decadal 
shoreline change rates for the region with the end point method in which the change in 
shoreline position is divided by the change in time (data available online at 
http://dcm2.enr.state.nc.us/Maps/chdownload.htm). The calculations were based on 
measurements from aerial photos from the early 1930s through 1998, thus the rates 
presented span almost 70 years. Spatial correlation between: 1) nearshore sediment 
volume based on R1 and decadal shoreline change rate and 2) nearshore sediment volume 
based on depth of closure and decadal shoreline change were assessed using cross-
correlation analysis. All correlation analyses were performed using MATLAB, which 
uses de-meaned Pearson's product-moments. 
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3.2.4 Results 
When nearshore sediment volume defined by Rl is compared to decadal shoreline 
change a positive trend is observed. Generally, when sediment volume is low, the 
shoreline tends toward erosion (Figure 7A). Overall, the volume decreases toward the 
south as shoreline erosion increases toward the south. On a smaller scale, increases in 
volume correspond to less erosion of the shoreline. Nearshore sediment volume and 
shoreline change rate are statistically correlated (p=0.05) with a correlation coefficient of 
0.58 at a lag of zero (Figure 7B) using ten degrees of freedom, which is defined here by 
the length of the data set divided by the width of the autocorrelation above zero [Zar, 
1999]. 
The relationship between shoreline change and nearshore sediment volume based 
on depth of closure was also tested (Figure S). In Figure SA, the curve for volume based 
on depth of closure trends subtly opposite to the shoreline change record. The magnitude 
of the depth of closure volumes to the south is much higher than that of the volumes 
based on Rl (Figure SA), despite the fact that there is more shoreline erosion to the 
south. This implies that high volumes (based on depth of closure) correspond to more 
erosive shoreline behavior. Unlike in the correlation of shoreline change and Rl 
volumes, there is not a visually well-defined peak in the correlation of shoreline change 
and volumes based on depth of closure (Figure SB). Depth of closure defined volume 
was not correlated to shoreline change at a level of significance greater than p=O.l 0 (peak 
correlation coefficient = -0.46 at a lag of 5 km) using ten degrees of freedom (Figure 
SB). 
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In order to address the three-dimensional character of nearshore morphology and 
the variability in sediment availability, the volume of sediment in the surf zone and 
nearshore was calculated for the entire survey area and for the individual shore-oblique 
bars. Because the migration of sand bars is an important process by which sediment is 
exchanged between the beach and the nearshore, it is important 1) to know how much 
sand the shore-oblique features contain and 2) to determine their volumetric contributions 
regionally and locally. Here, "regional" refers to the entire survey area while "local" 
refers only to areas in which shore-oblique bars are present. The shore-oblique bars 
contributed only 7.9% of the total sediment volume for the region. However, their local 
contribution to the total sediment volume was significantly higher. In this study, there 
were 3 areas (or bar fields) in which the shore-oblique bars were present. The extent of 
the bar fields varied. In Kitty Hawk, the largest bar field spanned ~5.5 km of the 
nearshore. There, the volume of sediment in the bars represented 44% of the total 
nearshore sediment volume for that area. South of that site, smaller bar fields were 
identified in Nags Head (spanning~ 1 km each). At the first site, the volume of sediment 
contained in the bars represented 14% of the total volume of the bar field, while at the 
second site, the percentage was slightly lower, at 11 %. 
3.3 Shoreline erosion potential model 
3.3.1 Model parameterization 
An empirical model was created in order to demonstrate the utility of the geology-
defined nearshore sediment volume metric. First, an average thickness (AvgJ) for each 1 
km2 region was calculated by dividing the nonnalized volumes by the standard area 
(lx106 m2). In order to account for the presence or absence of shore-oblique bars, a 
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dimensionless bar metric (BM) was developed for each 1 km2 block using the following 
equation: 
BMi = 1- (Vb/Vnormi) (4) 
Vbi is the volume of the shore-oblique bars within each 1 km2 block i (value of zero if 
there are none) and Vnormi is the normalized volume for the same block. If there were no 
bars present, BMi = 1. Finally an adjusted thickness (AI) parameter was generated by 
multiplying the average thickness value by the bar metric for each block: 
(5) 
The AT values for each block were then plotted versus 1 km averages of the shoreline 
change rate as calculated by NC DCM. A regression line was fit to the data, providing 
the equation for shoreline erosion potential. 
Shoreline erosion potential;::; 2/ 3(A7)- 1.2 (6) 
Since there are no units of time in the value of AT, the equation generated provides only 
shoreline erosion potential rather than a rate. The equation was forced with adjusted 
thickness values from the survey and a curve representing the erosion potential for the 
region is plotted versus the actual record of shoreline change rate (Figure 9A). Cross-
correlation analysis was performed on the model-generated shoreline erosion potential 
and the observed shoreline change rate to determine the success of the model proxy. 
3.3.2 Model results 
Two geologic metrics are used to generate the empirical formula presented in 
Equation 6. The first variable is sediment thickness, or the average distance between the 
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surface of the seafloor and the seismic reflector, R1 for a 1 km2 region. The vertical 
variability of the underlying geology is accounted for by this metric, such that larger 
thicknesses indicate either an increase in the depth ofR1, an increase in seafloor height in 
the presence of positively expressed seafloor morphology, or some combination of the 
two. The second variable used was a bar metric which incorporated the volumetric 
contribution of shore-oblique bars. Correlation of the model results with the observed 
shoreline change rate produced a correlation coefficient of 0.62, which is significant at 
the 95% confidence level using ten degrees of freedom (Figure 9B). 
4. Discussion 
4.1. Volumetric baselines from shallow nearshore stratigraphy 
The seismic reflector, R1, is the baseline to which nearshore sediment thicknesses 
and volumes were calculated. Using R1 as the baseline for our calculations produces a 
quantity (thickness or volume) of sediment above the reflection surface that bridges the 
gap between event-scaled sediment transport and long stratigraphic time scales and thus 
makes it well suited for comparison with decadal shoreline change. This geology-defined 
nearshore volume neither represents the active sediment transport layer as defined in 
many transport models (mm to em), which would represent a time scale of hours to days 
[Harris and Wiberg, 2001; Harris and Wiberg, 2002], nor overestimates the volume by 
assuming uniform sandy sediment above an arbitrary depth-constant baseline [Bernabeu 
et al., 2003; Dean, 1977; Hallermeier, 1978; Kana, 1995]. 
The continuity of Rl throughout the study area (~40 km) suggests that the 
sediment above it is isolated from the sediment below. Without reworking the contact 
that R 1 represents, the underlying sediment is unavailable for transport, limiting the 
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amount of sediment available for exchange with the shoreline and shelf. It could be 
argued that the sediment below the transgressive surface in the region of the surf zone 
and beach could be exhumed and mined by the active ravinement surface. In most cases, 
however, this will occur over time scales much longer than those discussed in this paper 
and is not likely to contribute a significant amount of sediment [Goff eta!., 2005]. The 
discontinuous reflection surface, R2, seen above Rl in some areas (Figure SA) is not 
used because its discontinuous nature suggests sediment was exposed and reworked in 
many surrounding areas (where it was not present, Figure 5C) and may be associated 
with reworking and movement of sorted bedforms [Murray and Thieler, 2004]. Also, the 
discontinuous nature of R2 may reflect much more recent and spatially ephemeral 
deposition or winnowing from storm events and therefore is not appropriate for a regional 
volume assessment. 
The lithology of Rl appears to be distinct from the sediment above it and below 
it. Near Kitty Hawk, NC, where Rl is exposed at the surface of the seafloor, it is 
composed of gravel and shell hash (Figure 4). The areas around the exposures (shore-
oblique bars) are composed of fine-medium grained sands. Vibracores collected from the 
region around the USACE-FRF in Duck show a persistent coarse layer at approximately 
the same depth below the seafloor as the depth to Rl in the seismic reflection record 
[Schwartz and Birkemeier, 2004] suggesting that the surface we interpreted may be 
composed of gravel throughout the survey area. Preliminary vibracores collected from 
the Kitty Hawk study area in May 2005 support the observations from Duck, NC and 
suggest that the lithology of Rl is spatially variable, but that it is coarser than the units 
above and below it [McNinch, 2005]. A more thorough analysis of the vibracore data 
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will be presented in a subsequent paper, therefore only relevant field descriptions are 
discussed here. The vibracores consistently showed shoreface sands of varying 
thicknesses ( -0-200 em) at the top of the core. At the base of the shoreface sands was a 
poorly sorted unit, which was composed of a combination of gravel and coarse sand 10-
30 em in thickness. We believe this unit generated the acoustic contrast we interpreted as 
R1, which overlays finer-grained sands and muds containing back-barrier shell 
fragments. 
Based on the lithologic studies conducted in the survey area [Rice et al., 1998; 
Schwartz and Birkemeier, 2004 ], recently acquired nearshore vibracores [McNinch, 
2005], and the regional continuity of the reflection surface, we believe that R1 is a 
transgressive ravinement surface. Swift [1968] states that ravinements "separate basal 
marsh, lagoon, estuarine, and beach deposits from overlying marine sand" in 
transgressive sequences. It follows then that the poorly sorted unit observed in the 
vibracores and at the seafloor (Figure 4) is a ravinement surface, since it separates the 
overlying marine sands from the underlying back-barrier/lagoonal sediments. Similar 
facies sequences have been presented in more recent investigations [Brooks et al., 2003; 
Cattaneo and Steel, 2003; Chen et a!., 1995; Goff et al., 2005; Swift, 1975]. This 
interpretation is also supported by a more recent study near Martha's Vineyard Coastal 
Observatory. Goff and others [2005] mapped a "shallow, horizontal seismic reflector, a 
few tens of centimeters below the seafloor in shallower waters and > 1 m in deeper 
water." Not only was the reflector continuous throughout their study area (-3 x 5 km), it 
also intersected the seafloor in the topographic depressions of the sorted bedforms, much 
like R1 is exposed at the surface of the seafloor in the northern troughs of the shore-
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oblique bars [Goff et al., 2005]. They related their reflection surface to a gravel/coarse 
sand layer of variable thickness and concluded that it was an erosive lag associated with a 
transgressive ravinement. Both our interpretation and that of Goff and others [2005] is 
consistent with a reflection surface, "T," mapped from the middle New Jersey shelf 
[Duncan et al., 2000]. 
Using a mass-balance of common grain sizes above and below the ravinement 
surface, Goff and others [2005] concluded that the sediment below the gravel/coarse sand 
layer was not acting as a source of sediment for the shoreface. This is consistent with our 
volume-defining assumption that little to no reworking of Rl and sediment below Rl is 
occurring. First, the very definition of the reflection coefficient that generates the Rl 
reflection surface indicates that sediment below R1 has not been exhumed and reworked 
prior to the time of the survey. This is most certainly true when R1 is overlain by 
shoreface sands, but where it is exposed at the seafloor, it could be argued that the coarse 
material (i.e., R1) could be temporarily mobilized, the sediment below it mined, and 
redeposition of the coarse material could occur. Because the grain size of the Rl unit is 
larger than that of the fine- to medium-grained sands usually found at the seafloor, it is 
more erosion resistant. The estimated critical shear stress (tcr) for gravel is 40-640 
dyne/cm2 while the critical shear stress for fine- to medium-grained sands is 1.25-5 
dyne/cm2, an order of magnitude less [Wiberg and Smith, 1987]. This suggests that 
gravels are probably only transported during peak wave events. R1 may also act to armor 
the bed during fair-weather conditions prohibiting the mining of underlying sediments 
[Kleinhans et al., 2002]. Due to the thickness (10-30 em) and distinct lithology ofRI, we 
believe 1) it will persist over decadal timescales and 2) that it is unlikely to provide a 
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substantial quantity of transport-relevant sand even over longer time periods when 
sediment below Rl may be exhumed and reworked. At the time of the survey, Rl was 
the lowest point of reworking and thus represents a conservative estimate of the depth of 
mixing for Recent sands in the nearshore and beach. 
Rl, as mapped by Browder [2005], was shown to cap Pleistocene paleofluvial 
channels near Kitty Hawk, NC. The transgressive surface mapped on the shelves of 
Massachusetts and New Jersey also capped relict channels [Duncan et al., 2000; Go.ff'et 
al., 2005]. On the Virginia shelf, a reflection interpreted as a transgressive oceanic 
ravinement was also found to cap incised-valley fills initially carved by older iterations of 
the Chesapeake Bay [Foyle and Oertel, 1997]. Foyle and Oertel [1997] suggested that 
the shelves of New Jersey, Delaware, Maryland, and North Carolina had similar 
stratigraphic geometries to that of Virginia and thus those locations may offer a good 
opportunity to test the skill of our volume metric. Transgressive ravinement surfaces can 
be identified around the world, and therefore, the calculations presented here could be 
used in a variety of nearshore systems, not just those of the east coast of the United 
States. It may also be applicable in systems as different as the southeastern coast of the 
Canadian Beaufort Sea [Hequette et al., 1995] and the central Tyrrhenian Sea [Tortora, 
1996] where transgressive ravinement surfaces have been identified and acoustically 
mapped. 
4.2. Regional relationship of nearshore sediment volume and shoreline change 
The correlation between nearshore sediment volume. and decadal shoreline change 
rate was statistically significant (Figure 7B). The trends of the two lines were similar 
such that when volume decreased, the shoreline became more erosive (Figure 7A). 
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Using only one geologic parameter, transport-relevant sediment volume, much of the 
variability in the shoreline behavior could be explained. Because nearshore sediment 
volume was based on the depth to Rl, our data suggest that the shallow geologic 
framework underlying sediment-starved shelves may be a primary factor in controlling 
the variability of the shoreline over decadal time scales (Figure 10). By taking into 
account the total amount of available nearshore sediment and the depth to a continuous, 
underlying stratuml regions of the shoreline that may be susceptible to long-term erosion 
can be identified. 
When depth of closure [Hallermeier, 1978; Hallermeier, 1981; Nicholls et al., 
1998] was used to define the lower limit of nearshore sediment volume, the volumes 
were usually much higher than when a stratigraphic baseline was used (Figure 8A 
compared to Figure 7 A). This is consistent with the conclusions of Schwab and others 
[2000] who suggested that the work of Kana [1995] overestimated the amount of 
sediment for Long Island, NY when depth of closure was used as a baseline. The 
correlation between volume using a baseline defined by depth of closure and decadal 
shoreline change was not statistically significant. This is most likely due to the lack of a 
typical equilibrium profile in the study area and the overestimate of available sand [Dean, 
1977]. We chose a depth of closure value based on field experiment data collected in 
Duck, NC [Nicholls et al., 1998], in the northern part of the study area, where there is a 
typical convex shoreface. While we believe that this may be a reasonable estimate of 
depth of closure for the defined time period, we argue that the assumptions of an 
equilibrium profile are violated in some parts of our study area. The shore-oblique bars 
in Kitty Hawk and Nags Head are three-dimensional and cannot be accounted for in two-
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dimensional shoreface profiles [Dean, 1977]. Furthermore, the shoreface m North 
Carolina is underlain by a non-sandy stratigraphic contact and therefore IS not a 
homogenous wedge of sand [Bernabeu et al., 2003; Dean, 1977; Hallermeier, 1978; 
Kana, 1995; Nicholls et al., 1998]. Lastly, exposures of R1 at the surface of the seafloor 
contributes to the heterogeneity of surficial seafloor sediments, yet another violation of 
the assumptions of the equilibrium profile [Pilkey et al., 1993]. Thus it seems that the 
method of estimating nearshore sediment volume using underlying geology more 
effectively captures the geologic character of the shoreface than the method using an 
arbitrary depth-constant baseline such as depth of closure. 
Nearshore sediment volume, as calculated to a transgressive ravinement surface, 
is not completely controlled by the presence of positive seafloor morphology, but rather 
the combined influences of underlying geology and seafloor morphology. If divergences 
in longshore sediment transport were solely responsible for the volumes found in the 
nearshore, we would have expected a significant correlation between volume based on 
depth of closure and shoreline change (Figure 8B). By considering both geologic and 
hydrodynamic influences on nearshore sediment volume, a significant correlation 
between shoreline change and volume was found (Figure 7B). While the shore-oblique 
bars (positive seafloor morphology) examined in this study comprised a large percentage 
of the total volumes of the individual bar fields, their presence/absence did not 
completely dictate the magnitude of sediment volume, further emphasizing the 
importance of the shallow geologic framework (Figure 11). On a local scale (within 
each bar field), 1 km2 areas in which shore-oblique bars were present had more sediment 
than adjacent 1 krn2 areas in which R1 was exposed (Figure llB and llC). However, 
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there were many 1 km2 blocks without bars that had higher volumes than did blocks with 
shore-oblique bars (Figure 11A and 11 C). There were also areas in which the 
underlying stratum was exposed that had more sediment than areas in which there were 
no exposures at all (Figure llB and llD). Additionally, our volume metric is capable of 
accounting for three-dimensional seafloor morphology. In contrast to shoreface profile 
models and models based on a "profile of equilibrium," a model based on geologically 
defined volume could be applicable whether there are multiple shore-parallel bars, 
crescentic bars, or shore-oblique bars. 
An empirical model derived from the relationship between shoreline change and 
Rl based nearshore sediment volume was constructed to assess shoreline erosion 
potential. The modeled shoreline change potential compared closely to the observed 
shoreline change rate (Figure 9A; correlation significant at the 95% confidence interval). 
This strongly suggests that nearshore sediment volume may be a useful parameter to aid 
in the prediction of decadal shoreline erosion in northeastern North Carolina. The intent 
of the model is not to predict shoreline change, however, but rather to demonstrate the 
first-order importance of nearshore sediment volume in shoreline behavior. The number 
calculated is not a shoreline erosion rate because there is no time component inherent in 
the calculation of nearshore sediment volume. Therefore, the model yields a shoreline 
erosion potential value that can be used to determine how vulnerable the shoreline is to 
erosion (Figure 9A). The more negative the number generated with the model, the more 
prone that region of shoreline may be to erosion. 
The correlation of geology-based sediment volume to decadal shoreline change 
combined with the observations of persistent outcrops of underlying strata in the surf 
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zone [McNinch, 2004] (Figure 4), appear to contradict traditional concepts of the role of 
longshore sediment transport in shoreline and shoreface change. The estimated 
magnitude of longshore transport in this wave~dominated region is ~ 1 x 106 m3 y{1 
[Inman and Dolan, 1992]. It is unclear how such a large volume of sediment can be 
transported through the littoral zone while maintaining the overall location and 
morphology of shore-oblique bars and underlying strata exposures in the nearshore 
[McNinch, 2004]. We speculate that sorting and self-maintenance processes described at 
other sorted bedform locations [Green et al., 2004; Gutierrez et al., 2005; Murray and 
Thieler, 2004] may explain the persistent shore-oblique bar and trough features despite 
the huge flux of sand. Furthermore, the high correlation of nearshore volume to long-term 
shoreline change presented here suggests that although high volumes of sediment may be 
fluxing through the littoral system, the storage capacity of a given location is largely 
controlled by the underlying geology and may not simply be the result of wave-driven 
gradients in sediment transport. 
5. Conclusions 
A suite of geophysical instruments were used to image the surface of the seafloor 
and underlying strata in three-dimensions for a 40 km2 region of the nearshore on the 
northeastern coast of the Outer Banks of North Carolina. Total nearshore sediment 
volumes for 1 km2 regions were calculated to a continuous seismic reflection surface and 
compared and correlated to a record of decadal shoreline change from the North Carolina 
Division of Coastal Management. The influence of shore-oblique bars and exposures of 
the underlying stratum on the volumetric signal were also investigated and an empirical 
model accounting for the total volume of sediment and the presence or absence of 
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nearshore shore-oblique bars was created. Analysis of the results led to the following 
conclusions: 
1) Geologically defined nearshore sediment volume is a useful predictor of decadal 
shoreline behavior for the northeastern Outer Banks. It represents the results of 
hydrodynamic processes and the influence of framework geology, is independent 
of grain size, and can account for a variety of nearshore morphologies. 
2) Nearshore volume determined using a depth of closure-defined baseline 
overestimated volume and was not correlated to decadal shoreline change. This 
emphasizes the importance of framework geology in the relationship between 
volume and shoreline change. 
3) Regionally, the magnitude of nearshore sediment volume is not dictated by 
seafloor morphology, but locally, it is highly influenced by the presence or 
absence of shore-oblique bars and exposures of the underlying stratum. 
4) A model forced with only geologic parameters (geologically determined 
nearshore and shore-oblique bar volumes) demonstrated skill in recreating the 
observed decadal shoreline change behavior at the field site. Inclusion of similar 
geologic parameters into more advanced shoreline change models may improve 
the success of the predictions. The applicability of the nearshore sediment 
volume metric and the model presented should be evaluated in other systems. 
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• 
stratigraphic contact 
Section I, Figure 1. Schematic diagram of conventional 
and observed cross-shore profiles. 
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A. An idealized cross-shore profile showing the traditional shoreface 
representation using depth of closure as an arbitrary baseline. The speckled 
region represents the volume of sediment available for transport by waves and 
currents. Usually this volume of sediment is assumed to be homogenous 
(Dean, 1977; Dean et al., 1993; Kana, 1995, Bernabeu et al., 2003). B. An 
idealized cross-shore profile based on the findings of this study, where the 
volume of the speckled region is dictated by the variability of the subsurface 
geology and seafloor morphology. Without reworking of the stratigraphic 
contact, the volume of sediment available for transport is limited. The 
sediment above the contact is considered to be transport-relevant. 
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Section I, Figure 2. Map of study area, extent of geophysical 
survey, and locations of discreet fields of shore-oblique bars. 
A. The eastern coast of the United States. B. Bodie Island in the northeastern 
Outer Banks, NC. Important geographical locations are indicated with white 
circles. The black box indicates the survey region where geophysical data 
were collected in the summer of 2002. The white boxes indicate discreet 
regions in which shore-oblique bars and exposures of the underlying geology 
were mapped. The northernmost bar field is referred to as the Kitty Hawk bar 
field in the text, while the two to the south are referred to as the northern and 
southern Nags Head bar fields respectively. Inset: The white box indicates the 
region shown in the larger map. 
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Section I, Figure 3. 
Bathymetric maps of 
variations in shore-oblique 
bar size. 
Bathymetry plots generated from 
the interferometric system in 
5 km2 blocks. Depths are in 
meters relative to mean low 
water (MLW). Northings and 
Eastings are in UTM Zone 18N, 
WGS 1984. A. A region near 
Kill Devil Hills, NC where shore-
oblique bars spanned the width 
of the nearshore. Bars in this 
region were consistently 200-
400 m wide and 700-900 m in 
length. B. One of the bar fields 
from Nags Head, in which the 
bars are much smaller. 
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Section I, Figure 4. Acoustic backscatter of 
shoreface and shore-oblique trough. 
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Acoustic backscatter (side scan sonar) mosaic with overlain bathymetric 
contours. Darker colors indicate higher amplitude returns. A grab 
sample from the trough to the north of the shore-oblique bar retrieved 
poorly sorted gravel. Seismic reflection data reveal that this material 
generates the continuous reflection surface mapped throughout the 
survey region. (Modified from McNinch (2004)). 
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Block 1 
Section I, Figure 5. Seismic reflection profiles illustrating 
shallow stratigraphy of study site. 
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Seismic reflection data collected at 1750 m/s in 5 km segments (horizontal). 
Block 1: A typical seismic profile from the northern region of the survey area. 
Note the presence of two reflection surfaces here, R1 being the lower of the 
two. Block 3: A seismic profile collected near Kitty Hawk, NC showing a 
shore-oblique bar in cross-section in the southern part of the profile. Note 
that R 1 is exposed at the surface of the seafloor just to the north of the shore-
oblique bar. Block 6: A seismic profile typical of those collected near Nags 
Head, NC and in the southern region of the survey area. Note that the dis-
continuous reflector is missing from the profile. 
Section I, Table 1. Sediment thickness values calculated for 5 km2 survey blocks. 
Block# Area Average Standard Thickness Thickness (m) Deviation (m) Ran2e (m) 
Block 1 Duck 0.766 0.159 0.39- 1.21 
Block 2 Southern Shores 0.597 0.150 1.24- 1.00 
Block 3 Kitty Hawk 0.477 0.271 0.00 -1.26 
Block4 Kill Devil Hills 0.433 0.226 0.00 -1.29 
Block 5 S. Kill Devil Hills 0.351 0.201 0.07- 1.12 
Block 6 Nags Head 0.234 0.120 0.00-0.65 
Block 7 S. Nags Head 0.256 0.128 0.00-0.83 
Block 8 Whalebone 0.272 0.153 0.00-1.00 
Average sediment thicknesses calculated from R1 for eight 5 km2 survey 
blocks. Note that the average thickness decreases southward. Thickness 
ranges in bold represent regions in which the acoustic backscatter data 
indicated that the underlying surface was exposed at the seafloor. Average 
thickness for the entire survey area was less than 50 em. 
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Section I, Figure 6. Nearshore sediment thicknesses 
calculated for survey region. 
Isopach map generated from seismic data (R1 ), shown 
in shades of blue, with darker shades representing thicker 
sediment. Along the shoreline, decadal shoreline change 
data from the North Carolina Division of Coastal Manage-
ment is plotted, with green representing accretion and 
shades of red and orange signifying erosion. Note the 
thinning of sediment to the south. 
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Shoreline change rate and nearshore sediment 
volume (R1) for the northern Outer Banks x1 o6 
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Section I, Figure 7. Comparison and correlation 
of geology-defined nearshore sediment volume 
and decadal shoreline change 
A. Plot of nearshore sediment volume (dotted line) as calculated 
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to R1 and decadal shoreline change rate (solid line) with negative 
numbers indicating erosion for the 40 km2 survey area (left to 
right is south to north). When nearshore sediment volume decreases, 
shoreline change rate decreases (more erosive). B. Plot of the 
cross-correlation between nearshore sediment volume and shoreline 
change (solid line). The correlation coefficient for this analysis is 0.58 
at zero lag and is significant at the 95% confidence level (df=1 0). 
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Section I, Figure 8. Comparison and correlation 
of nearshore sediment volume defined using 'depth 
of closure' and decadal shoreline change. 
A. Plot of nearshore sediment volume (dotted line) based on 
depth of closure and decadal shoreline change rate (solid line) 
with negative numbers indicating erosion for the 40 km2 survey 
area (left to right is south to north). B. Plot of the cross-correlation 
between nearshore sediment volume and shoreline change (solid 
line). The correlation coefficient for this analysis was -0.46 and is 
not significant at the 95% confidence level (df=10). 
43 
Sediment volume and shoreline change 
Comparison (A) and Correlation (B) of Shoreline 
Chan e Rate and Shoreline Erosion Potential 
~ 
~ 
E 
'-' 0.5 
QJ 
..... 
tO 
a:: 
QJ 0 
Ol 
c 
tO 
6-0.5 
QJ 
c 
·;u -1.0 
,_ 
_g A 
V'l 
shoreline 
erosion potential 
l./'1 
=r 
0 o.s ro 
0 
::J 
(I) 
m 
"""' 0 
VI 
-o.sg 
""'0 
0 
l""t 
-1.0~ 
l""t 
OJ 
0 10 20 30 40 
Alongshore distance (km, N to 5) 
1.0.-.-------------~ 
..... 
c 
.~ 
u 0.5 - - - - - - - - -
~ 
QJ 
0 
u 
c: 0 
0 
..... 
..!S! 
QJ 
t:-0.5 
0 
u 
8 
1.0'-----------------~ 
-40 -20 0 20 40 
Lag (1 lag unit= 1 km) 
44 
Section I, Figure 9. Comparison and correlation of 
shoreline erosion potential and decadal shoreline change rate. 
A. Plot of observed decadal shoreline change rate (solid line) and our 
shoreline change proxy based on only geologic parameters (dotted line). 
Overall, when the shoreline is erosive, our proxy indicates erosion. In 
some places, accretion and erosion are underestimated. B. Plot of the 
cross-correlation between the observed shoreline change rate and our 
shoreline change proxy (solid line). Correlation coefficient is 0.62 at zero 
lag and is significant at the 95% confidence level (df==1 0). 
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• 
Section I, Figure 10. Idealized longshore 
cross-section based on observations. 
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Idealized alongshore cross-section of the nearshore showing two variable 
surfaces, the seafloor (solid line) and a continuous sediment horizon (dotted 
line). The sediment below the dotted line is unavailable for transport 
·(diagonal lines). A. A region in which the volume of sediment is increased 
by a low in the underlying stratum. B. A larger volume of sediment than at 
A due to the combined effect of positive seafloor morphology and a low in 
the underlying surface. C. The volume of sediment at this location is limited 
by the underlying surface and lack of seafloor morphology. D. The volume 
in this region would be higher than that at C due to the variability of the 
seafloor morphology, but not the underlying surface. 
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Section I, Figure 11. Examples of nearshore volume variability 
given simple and complex nearshore morphology. 
Plots of seafloor bathymetry from 1 km2 regions in the study area. White 
numbers indicate the volume of sediment within that region, demonstrating 
the independence of nearshore sediment volume from seafloor morphology. 
Though both A and D represent regions without shore-oblique bars and 
exposures of the underlying surface, the volume of A is much higher than that 
at D. Although, there is no shore-oblique bar in A as there is inC (delineated 
in black), the volume at A is higher demonstrating that morphology is not the 
sole factor in determining volume. Also, regions in which the underlying 
surface is exposed (B, with in the "V") do not always have less volume than 
regions withoutoutcrops (D). However, in those regions with bars and 
exposures (small spatial scale), adjacent regions can show sizeable 
differences in volume (B and C). 
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Short-term nearshore evolution 
SECTION II: MORPHOLOGIC AND VOLUMETRIC EVOLUTION OF THE 
NEARSHORE: SHORT-TERM AND EVENT-RELATED CHANGES 
Abstract: 
Shore-oblique bars have been linked to multiple time scales of shoreline erosion, 
but little research about their response to storm forcing has been pursued. Given rising 
sea level and the potential for increased storm activity in the future, understanding the 
impact of storms on coasts is extremely important. In order to document how these 
features evolve in response to storm events and affect the shoreline adjacent to them, we 
repeatedly mapped the nearshore over two years using a suite of geophysical instruments 
which enabled us to address morphologic, lithologic and volumetric changes. We 
compared our results to limited quasi-simultaneous observations of beach volume change 
and high-resolution short-term shoreline change data. 
The storm response of the beach, shoreline, and nearshore was highly spatially 
variable. Our results suggest that the orientation of shore-oblique bars relative to 
dominant wind direction associated with the stonn event may influence nearshore and 
shoreline response. We also show that volumetric variability and shoreline mobility are 
higher where shore-oblique bars are present, suggesting that the features are actively 
participating in beach-relevant sediment transport. Cross-shore and alongshore seafloor 
gradients show large variations over short spatial scales, likely influencing local waves 
and currents, though the hydrodynamic mechanisms behind 
48 
Short-term nearshore evolution 49 
the observed changes are still unknown. The results provide compelling evidence of the 
influence of nearshore morphology on event-scale and short-term shoreline change and 
an example of non-alongshore uniform coastal behavior. 
1.0 Introduction: 
Much controversy exists over whether or not the frequency of tropical stonns and 
hurricanes is increasing and whether or not this increase is linked to human activity 
[Mann and Emanuel, 2006; Holland and Webster, 2007; Landsea, 2007]. Regardless of 
whether tropical storm frequency is related to anthropogenically-induced global climate 
change or natural variability [Goldenberg et al., 2001; Sallenger eta!., 2006], tropical 
stonns, especially those that make landfall, can wreck havoc on our coasts. Komar and 
Allan [2007] recently linked higher waves on the east coast of the U.S. to hurricanes and 
suggested that the frequency of higher waves is increasing. Given the potential for 
increased tropical stonn frequency in the future and rising sea level (either natural or 
anthropogenically accelerated), the motivation for monitoring coastal response to tropical 
storms and hurricanes is clear. 
However, these are not the only meteorological events to affect the shoreline. 
Extra tropical storms, often called nor' easters, have been found to be equally, if not more 
influential on shoreline change and short-term barrier island evolution [Lee et al., 1998; 
Stone et al., 2004]. Keim and others [2004] showed that while the overall frequency of 
extratropical storms has decreased over the last 100 years in the North Atlantic Basin, the 
frequency of powerful storms is increasing. Further adding to the list of factors affecting 
shoreline retreat, shore-oblique bars, a recently described nearshore morphology, have 
been related to shoreline erosional hotspots [McNinch, 2004; Schupp et al., 2006]. Little 
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is known about the response of these non-alongshore unifonn features to stonn forcing or 
what aspects of their morphology most influence shoreline response. In order to better 
predict event-related coastal change, the simultaneous evolution of the nearshore and 
shoreline must be examined over event time scales. 
1.1 Nearshore Morphology and Shoreline Behavior 
When the response of the shoreline and shoreface has been documented, it was 
often done in the context of the movement of the shore-parallel bar [Elgar et al., 200 I; 
Gallagher et a!., 1998; Thornton et al., 1996; Raubenheimer et a!., 2001; Plant et al., 
2001; Aagaard et al., 2002; Ruessink et al., 2007]. In general, offshore bar migration 
occurs during storms [Komar, 1998], often in response to a feedback between the 
breaking of large waves, undertow, and offshore-directed suspended sediment transport 
[Ruessink eta!., 2007]. The shoreline generally retreats and the entire profile becomes 
less steep [Lee eta!., 1995]. During fair-weather conditions, the bar will slowly migrate 
toward the shore increasing the volume of sand in the inshore zone, moving the shoreline 
position seaward and increasing the slope of the profile [Lee et al., 1998; Lee eta!., 1995; 
Komar, 1998]. Ruessink and others [2007] compared observations of sandbar migration 
to a bathymetric evolution model and found that during onshore bar migration, wave 
skewness and bedload transport from small or non-breaking waves are more important 
than infragravity waves and near-bed streaming. While shoreface changes are largely 
thought to be dominated by the movement of the shore-parallel sandbar [Lippmann and 
Holman, 1990], some recent nearshore observations demonstrate that this two-
dimensional conceptual model of bar migration may not be applicable to shorefaces 
characterized by heterogeneous sediments and three-dimensional bar morphology. 
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Video monitoring of sandbars has elucidated the variability of their forms and 
mi!,rration patterns, implying that previous observations may have underestimated the 
spatial and temporal complexity of shore-parallel sandbar morphology [Konicki and 
Holman, 2000; Holland et a!., 1997; Lippmann and Holman, 1990; Lippmann and 
Holman, 1989]. Crescentic and transverse bar morphologies, or bars with significant 
longshore variability, cannot be reproduced in models of shoreface profile evolution that 
assume alongshore uniform bathymetry, despite the fact that they may be responsible for 
the most dynamic beach changes [Wright and Short, 1984]. Furthermore, advances in 
geophysical observation have provided a wealth of information demonstrating sediment 
heterogeneity or patchiness and/or persistent three-dimensional nearshore bar 
morphologies, underscoring the importance of the geologic framework in defining the 
sedimentological and morphological character of the shoreface [McNinch, 2004; 
Honeycutt and Krantz, 2003; Thieler et al., 2001; Boss et al., 2002; Harris eta!., 2005; 
Schwab et al., 2000; Riggs et al., 1995; Thieler et al., 1995; Pilkey et al., 1993; Holland 
and Elmore, in press]. 
Despite these observations and the well-documented link between classic 
nearshore morphology and shoreline behavior, little work has been done to characterize 
shoreline behavior given spatially variable nearshore morphology and lithology. For the 
most part, this has been limited by the high-energy nature of the nearshore and surf zone 
environments which are difficult to navigate but also unfriendly to the acoustic methods 
necessary for capturing cross-shore and alongshore variability inherent to three-
dimensional morphology. By far, the most comprehensive observations of a 
morphologically and lithologically variable shoreface have been collected from a field of 
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shore-oblique bars in the northeastern Outer Banks [McNinch, 2004; Schupp et al., 2006]. 
However, event-scale observations are scarce. McNinch [2004] showed the relationship 
between shore-oblique bars and gravel-lined troughs and decadal shoreline change, but 
did not discuss the effects of the observed morphology on short-term shoreline behavior. 
Schupp and others [2006] demonstrated the high correlation of shore-oblique bars and 
gravel exposures to monthly and multi-decadal shoreline change rates. They also showed 
that high short-tenn shoreline variability corresponded to regions of shore-oblique bars 
and gravel outcrops and that peaks in long term shoreline change rates were landward of 
the shore-oblique bars [Schupp et al., 2006]. Neither of these efforts described the 
evolution of the three-dimensional shoreface in response to forcing, nor did the authors 
speculate on the mechanisms by which nearshore morphology might influence event-
related shoreline behavior. With increased storm frequency, mediated by either 
anthropogenic global warming [Holland and Webster, 2007; Mann and Emanuel, 2006] 
or by natural variability [Goldenberg et a!., 2001; Sallenger et al., 2006] predicted for the 
future, understanding the response of the nearshore and shoreline to storms is imperative. 
In this paper, we focus on four nearshore sites in northeastern North Carolina 
(Figure 1). Two sites are characterized by shore-parallel bars and homogeneous 
sediment while the others are characterized by shore-oblique bars and gravel exposures. 
We monitored bathymetric, lithologic, and volumetric changes at these sites over two 
years to compare how different morphologies respond to similar forcing. Two events 
were captured during the period of observation: 1) a series of two powerful nor'easters 
and 2) Hurricane Isabel. The results are presented herein. Our observations are also 
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compared to temporally-relevant shoreline change data, enabling a simultaneous 
assessment of shoreline change and nearshore behavior. 
Our objectives are as follows: 1) to observe bathymetric, lithologic and sediment 
thickness changes over two years at sites with variable nearshore morphology, 2) to 
monitor the response of individual nearshore morphologies to storm-associated waves 
and current, and 3) to compare our geophysical observations to shoreline change 
measurements in order to define nearshore changes most likely related to shoreline 
response. Descriptions of the study area, the morphology and lithology of shore-oblique 
bars, and stonn events are provided next. The methods of data collection and processing, 
followed by results and a discussion of nearshore characteristics that appear most 
influential to short-tenn shoreline change complete the paper. 
2.0 Study Area 
Geology and M01phology 
The North Carolina Outer Banks are a classic example of wave-dominated, 
microtidal barrier islands, with long, straight shorelines and few inlets [Hayes, 1979]. An 
extensive regional geophysical survey was conducted in the northern Outer Banks in the 
summer of2002 [McNinch, 2004] and is the basis for this study (Figure 1). Four small-
scale ( ~ 1 km2) study sites were chosen based on previously observed morphology and 
lithology of the nearshore in order to better understand how different nearshore 
morphologies respond to storms and in turn affect beach response (Figure 1 ). A 
summary of the morphological and lithological characteristics of each site and the 
average long-term and short-term shoreline change rates are shown in Table 1. 
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Though generally characterized by a convex shoreface, some regions of our study 
area have been found to have discrete fields of shore-oblique sandbars and troughs 
(Figure 1) [McNinch, 2004]. Attributes of these shore-oblique bars have been 
documented by other authors, and their general characteristics are presented here 
[McNinch, 2004; Schupp et a/., 2006]. These irregularly-spaced features occur on the 
shoreface between 1 and 15m (ML W) water depth [McNinch, 2004]. They span the surf 
zone and nearshore and are generally 300-500m wide and 700-1 OOOm in length 
[McNinch, 2004; Schupp eta/., 2006]. In bathymetric lows between bar crests, coarser 
sediment is found on the seafloor [McNinch, 2004; Schupp et a/., 2006]. This coarser 
sediment has been linked to the exposure of a trangressive ravinement surface [Mise/is 
and McNinch, 2006]. Browder and McNinch [2006] related discrete shore-oblique bar 
fields offshore of the coasts of North Carolina and Virginia to the presence of relict 
fluvial and tidal inlet channels. Over time, the features seem to persist [McNinch, 2004], 
though subtle migrations have been noted [Schupp et al., 2006]. 
Physical Characteristics and Meteorological Observations 
Tides are semi-diurnal with a mean range of ~1m [Birkemeier eta/., 1985] and a 
spring tide range of~ 1.2 m [Fenster and Dolan, 1993]. The average significant wave 
height is 1.1 ± 0.6 m (from 1980-1999, http://www.frf.usace.army.mil/frfdata.html). The 
mean direction of longshore currents is to the south, though the current appears to flow to 
the north during periods of low wave energy (data available online at 
http://www.frf.usace.anny.mil/frfdata.html). Wave energy increases during fall, winter, 
and early spring due to extratropical stonns ("nor' easters") [Lee et a!., 1998] and during 
the summer and early fall with the passing of tropical storms and hurricanes. Storm 
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series were found to have greater impact on shoreface profile and beach change than 
individual storms [Lee et al., 1998]. This study describes morphologic, lithologic, and 
volumetric evolution of the surf zone and nearshore over a two year period including 
changes related to two successive nor'easters (March 2003) and to Hurricane Isabel 
(September 2003). 
Meteorologic and hydrodynamic conditions recorded at the US Army Corps of 
Engineers Field Research Facility in Duck, NC are presented in Tables 2 and 3. Wave 
direction, height, and period were recorded by a Datawell Directional Waverider Buoy 
located ~ 3km offshore in 17 .4m of water. Wind speed and direction were recorded by a 
WeatherMeasure Skyvane anemometer located at the end of the FRF pier (see 
http://www.frf.usace.army.mil/NCregional/frf grid.shtml# for the location of specific 
instruments). Pre-survey average and maximum sit,'llificant wave heights were calculated 
for 14 days prior to the first day of the survey (Table 2). Because more than two weeks 
elapsed between Hurricane Isabel and the subsequent response survey, these statistics do 
not reflect the conditions during Isabel. The storm characteristics for Isabel and other 
events preceding our surveys are shown in Table 3. We followed the convention of Lee 
et al. [ 1998] and defined an event as any period in which wave heights exceeded 2m. 
Storm duration was defined to be the time over which these elevated wave heights 
occurred. Wave power was calculated as the square of peak wave height during an event 
multiplied by the storm duration [Dolan and Davis, 1992]. Significant events, those with 
a wave power value of over 100, are highlighted in Table 3 and are the focus of this 
paper. 
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3.0 Methods 
3.1 Geophysical Observations 
In order to account for changes in seafloor morphology and lithology, geophysical 
data were collected in the surf zone and nearshore on board the USACE LARC at four 
distinct ~1 km2 sites (Figure 1 and Table 1). The surveys were conducted in June, 2002; 
March, 2003; May, 2003; October, 2003; and June, 2004 and spanned 2 years. The 
March survey captured the nearshore response to a series of two nor'easters while the 
October survey followed Hurricane Isabel. Heave- and tide- corrected bathymetry and 
acoustic backscatter data were collected using a Sea, Ltd Interferometric System 
(Submetrix series 2000, 234 kHz) for all surveys. High-resolution seismic reflection data 
were collected with an Edgetech Chirp System (216i, 2-10 kHz) for all surveys except 
June 2004. All data were spatially referenced in real-time using RTK-GPS. Shore-
parallel track lines had a surf zone spacing of 50 m and nearshore spacing of 75 m. Two 
shore-perpendicular track lines were surveyed at each site with a spacing of ~500m. 
3.2 Beach Topography Mapping 
In May 2003 and June 2004, the topography of the beach was mapped on foot and 
via A TV-mounted RTK-GPS, respectively. Shore-parallel tracks were surveyed between 
the toe of the dune and the water line. Beach profile data from USACE was used for 
post-nor'easter topography and Lidar data from U.S. Geological Survey (USGS), St. 
Petersburg (collected just 3 days after landfall) was used in place of R TK beach data for 
the post-Isabel survey. No beach topography data exists for June 2002. 
Short-term nearshore evolution 57 
3.3 Short-term Shoreline Change Data 
In order to better understand the simultaneous response of the nearshore and the 
shoreline over the survey period, we compared the results of our geophysical surveys to 
short-term shoreline change. Shoreline position data were provided by Jeff List of the 
USGS, Woods Hole. Detailed descriptions of SWASH shoreline change data collection 
(MHW shoreline position every 2 m) and processing can be found in List and Farris 
[ 1999] and List et al. [2006]. Using a suite of custom, nested Matlab functions provided 
by the USGS, the 70km dataset was culled to the four survey regions of interest. The 
temporal scales chosen for comparison with nearshore geophysical observations are as 
follows: survey-to-survey, two-year, and pre-event to post-event recovery. Long-tenn 
shoreline change rate comparisons are not shown due to the temporal disparity between 
the longer-term shoreline change and the time span of our geophysical observations. For 
comparisons of nearshore bathymetry and multiple temporal scales of shoreline change 
see the work of McNinch [2004] and Schupp and others [2006]. Three point-by-point 
shoreline behavior metrics can be calculated with the SWASH data processing suite: 1) 
end-point shoreline change rate, or the change between two shorelines over a specific 
period of time, 2) linear shoreline change which uses linear regression to determine the 
rate of change in shoreline position, and 3) shoreline mobility, or the standard deviation 
of shoreline position. Because of the short time period of geophysical observations, the 
rates calculated via linear regression were not significant and are not presented. Gaps in 
the shoreline change rates presented indicate either errors at the time of data collection or 
that the metric calculated was not statistically robust. 
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3.4 Data Processing 
3.4.1 Mapping error mitigation and analysis 
Bathymetry data were processed by removing spikes and smoothing usmg 
proprietary software. Obvious data artifacts were then removed using Fledennaus. 
Survey-to-survey bathymetric change maps were also created in Fledermaus. Processed 
bathymetry data were krigged in Surfer® using a 1OOm search radius and 8-sector search 
(angle -30°) with a grid node spacing of Sm. Grids were filtered using a Gaussian low-
pass filter. In order to quantifY migration of shore-oblique bars throughout the survey 
period, their footprints were digitized from bathymetric contour maps. The seaward edge 
ofthe bar was defined as the deepest isobath (generally 9-llm, MLW) at which bar shape 
was expressed and the landward edge was generally defined as the landward limit of data 
coverage. The northern and southern flanks of the bars were visually estimated as 
indentations in bathymetric contours. In order to illustrate the morphologic changes in 
bar shape, contours inside of the outermost footprint were digitized following the same 
guidelines. Raw acoustic backscatter data were imported into SonarWiz.MAP4 for beam 
angle correction and gain processing. The data were then imported into Surfer®, at 
which time the contacts between shoreface sand and the exposed underlying substrate 
were digitized. 
SonarWebPro was used to digitize seafloor and sub-bottom reflectors for each 
seismic reflection survey. Using a continuous seismic reflection surface, 
stratigraphically-defined nearshore sediment thicknesses and volumes were calculated 
following the methodology of Miselis and McNinch [2006]. Error analysis was 
perfonned on the continuous seismic reflection surface from our repeated surveys to 
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determine the resolution of our sediment thickness calculations. The average error 
associated with the elevation (m, ML W) of the continuous reflection surface was found to 
be 26cm; this analysis accounts for errors induced by speed of sound differences between 
surveys and during data collection and RTK-GPS accuracy. Sediment thicknesses were 
krigged using Surfer® with a lOOm search radius and 8 sector search (angle -30°) but 
with a grid node spacing of 1Om and filtered with a Gaussian low-pass filter. 
Beach topography data collected with the RTK-GPS system (on foot or via ATV) 
were checked for errors in Trimble Geomatics Office® and then exported to Surfer® for 
krigging with a grid node spacing of 10m. Preliminary processing of the pre- and post-
Isabel lidar data indicated that a vertical offset existed between survey passes [personal 
communication, Karen Morgan, USGS]. A control point was measured at a fixed 
location in a parking lot during the June 2004 RTK-GPS beach survey. Because it is not 
suspected that the vertical elevation of that point changed between 2003 and 2004, it was 
used to detennine the elevation offset between the lidar data and data collected with the 
RTK-system. The average lidar data offset was approximately -0.39m from the elevation 
of the control point. This correction was applied to the lidar data during processing in 
order to minimize the difference between lidar elevations and R TK -GPS elevations. 
Both Jidar data and beach profile data (from USACE) were converted to UTM 
coordinates and krigged (at I Om spacing) to the extent of the R TK beach surveys. Beach 
volumes were calculated by subtracting the elevation of the continuous seismic reflection 
surface nearest the beach from the beach topography for each survey. This facilitated 
compansons of beach volume and nearshore volume changes throughout the survey 
period. 
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3.4.2 Statistical analysis of bathymetric change 
Because of field conditions and time limitations during each survey, coverage 
among surveys was not consistent. Before quantifying changes between surveys, data 
coverage was culled to the area of least coverage to minimize interpolation errors where 
little or no data were present. Minimum and maximum coordinates (XY, m, UTM, Zone 
18) were identified from each survey and bathymetry and isopach maps were re-krigged 
to these new data limits. ArcGIS was used to create longshore and cross-shore transects 
(50m spacing) across each site. Surfer ® was used to the slice the new grids to create 
longshore and cross-shore profiles of seafloor bathymetry and geology-defined sediment 
thickness. These transects were then processed using custom Matlab® scripts to 
calculate various longshore and cross-shore profile statistics for 3 time periods of interest: 
2 years, nor' easter observation period, and Hurricane Isabel observation period. 
Mean longshore and cross-shore profiles were calculated by averaging seafloor 
elevation at one point on a profile over the time period of interest. Seafloor variability 
along each profile was calculated as the standard deviation in elevation at each point 
along a profile. The same calculations were performed on transects generated from 
sediment isopach maps (i.e., mean sediment thickness and sediment thickness 
variability). Finally, cross-shore and longshore seafloor gradients were calculated by 
dividing the elevation change between two adjacent points on a profile by the distance 
between them. The profile statistics were then krigged as before using a 1Om grid node 
spacing to create maps of mean seafloor morphology, seafloor variability, cross-shore 
and longshore seafloor gradients, mean sediment thickness, and sediment thickness 
variability for each ~lk:m2 survey area. 
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4.0 Results 
4.1 General Observations 
4.1.1 Nearshore M01phology and Lithology 
Before storm-related changes are discussed, general trends observed over the two 
year period of observation are presented. While the features at the Kitty Hawk and Sea 
Ranch sites are classified as shore-oblique bars, their morphology is slightly different. 
First, the bar at the Kitty Hawk site is larger than the bars at the Sea Ranch site (Figure 
2). It spans the entire surf zone and nearshore and it is ~500m wide (Figure 2). The bars 
at the Sea Ranch become distinct at approximately mid-shoreface and extend into deeper 
water than the bar in Kitty Hawk (Figure 2). They are on the order of 200-300m wide. 
The relationship between shore-oblique bars and shore-parallel bars also appears to be 
different between the sites; either the bar and trough dissect the longshore bar at Kitty 
Hawk, or it rarely appears whereas the longshore bar is generally evident at the Sea 
Ranch site. In general, shore-oblique bars occupy the same location, but there is 
variability which may be attributable to difference in bar size. The bar in Kitty Hawk has 
a relatively stable outer footprint with a highly dynamic inner footprint (Figure 3). The 
Sea Ranch bars are too narrow to have distinctive inner and outer footprints, but 
observations of bar mobility indicate that they migrate to the south ~1OOm (Figure 4). 
This subtle migration is also evident in a time series of shore-oblique bar cross-sections, 
but is not apparent in the data from Kitty Hawk (Figures 5 and 6). In areas with classic 
shorefaces (SS and NH), most of the bathymetric variability is associated with the 
migration of the shore-parallel bar (Figure 2). Overall, the greatest magnitudes of 
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seafloor variability were associated with shore-oblique bars, albeit at different locations 
along the bars (Figure 2). 
The position and morphology of the shore-oblique troughs were also relatively 
stable over the two-year observation period. In general, the troughs were found to be 
regions of very little bathymetric variability and appear as cooler colors in plots of 
bathymetric variability (Figure 2). The stability of the northern flank of the trough in 
KH was especially intriguing. The mean cross-shore and longshore gradients show that 
the northern flank is very stable in both position and slope (Figures 7 and 8). The 
shoreface landward of the trough is also very steep (Figure 7). 
Lithologic changes were also documented and, as expected, they were only 
associated with sites with shore-oblique bars, where variability in lithology had been 
previously observed [McNinch, 2004; Schupp eta!., 2006; Browder and McNinch, 2006]. 
Acoustic backscatter mosaics from each small-scale survey indicate that the coarser 
lithology of the troughs persists over two years though subtle changes in shape are 
observed (Figure 9). Analysis of the area of the gravel exposures indicated that it does 
vary through time (Figure 10). The most variability in seafloor lithology is at Kitty 
Hawk, where fine sediment appears to infill the narrow, landward end of the shore-
oblique trough in October 2003 (Figure 9). Lithological changes are harder to decipher 
at the Sea Ranch site due to subtle migration of the bars (Figure 5), but coarser material 
is always exposed in the troughs between the bars there (data not shown). 
4.1.2 Nearshore Sediment Volume and Connections to Shoreline Change 
Nearshore sediment volume and morphology appear to be directly related to 
changes on the beach. Nearshore regions with shore-oblique bars are more 
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volumetrically variable than nearshore reg1ons with shore-parallel bars (Figure 11). 
Beach volume mimics the nearshore volume trend (Figure 11 ). Higher nearshore 
volume variability also corresponds to more dynamic shoreline behavior (Figure 11). As 
mentioned above, the greatest magnitude of seafloor variability was associated with 
shore-oblique bars; these variations also appeared to be related to higher shoreline 
mobility (Figure 2). Shoreline mobility also appears to be linked to variations in 
sediment thicknesses. At sites with shore-parallel bars, sediment thickness variability is 
lower and shoreline mobility is lower (Figure 12). The opposite is true for shore-oblique 
bars, for which both variability in sediment thickness and shoreline position is high 
(Figure 12). 
4.2 Event-Specific Observations 
Two stonn episodes were captured during the two year period of observation: a 
senes of two extratropical storms and Hurricane Isabel. In order to determine the 
morphologic and lithologic response of the nearshore to these stormy periods, we 
compared pre-stonn surveys to 1) a post-stonn survey as temporally close to the event as 
possible and 2) a post-stonn recovery survey at some time that followed the monitored 
event. Because of limitations inherent to geophysical surveying in the nearshore, our 
surveys do not represent direct storm responses, but rather instantaneous snapshots that 
characterize the nearshore at the time of the survey. Simply put, the temporally-discrete 
surveys represent all of the reworking that has occurred since the previous survey. In 
order to account for this limitation but still enable comparisons of nor'easter-related 
changes to hurricane-related changes, we combined the pre-storm, post-stonn, and 
recovery surveys around each event. For example, we calculated seafloor variability 
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from the nor'easter-related surveys (June 2002 thru May 2003) to show regwns of 
significant bathymetric change after the event and after some period of recovery. In 
Figures 13 and 14, the wind and wave conditions during each "integration" period are 
shown. The dates of the geophysical surveys are highlighted in yellow, while the storm 
events we intended to capture are shown in green (the same storms in bold in Table 3). 
While the geophysical surveys occurred shortly after the storms of interest, the plots 
show other events (wave heights> 2m) that occurred between surveys. By integrating 
the surveys before and after the post-storm survey, we are able observe general responses 
to very different storms without overstepping the limitations of our methodology. 
4.2.1 Nearshore M01phology and Lithology 
Comparisons of nor'easter-related and hurricane-related seafloor variability are 
shown in Figures 15-18. For the Southern Shores and Nags Head sites, the greatest 
seafloor variability is associated with the migration of the shore-parallel bars and, as 
would be expected, greater variability is evident during the Isabel surveys than in 
response to the nor'easters (Figures 15 and 18). In general, the shoreline response 
mirrors the nearshore response, showing lesser shoreline mobility associated with the 
nor' easter period and greater Isabel-related shoreline mobility (Figures 15 and 18). 
Interestingly, the response at the two shore-oblique bar sites, Kitty Hawk and Sea 
Ranch is very different (Figures 16 and 17). After the nor' easter, a hint of a shore-
parallel bar is evident at the Kitty Hawk site and accounts for most of the nor'easter-
related bathymetric change (Figure 17). Hurricane Isabel associated changes show no 
evidence of a shore-parallel bar and the greatest changes occur in bathymetric lows 
between the 4 and 8m isobaths (Figure 17). The mobility of the shoreline at Kitty Hawk 
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is generally higher than either Southern Shores or Nags Head, but is even greater during 
the Isabel period. The shoreline mobility at Sea Ranch mimics the pattern at Kitty Hawk, 
but the nearshore response is opposite to the nearshore response at Kitty Hawk (Figure 
18). Most of the variability during the nor' easter period occurs in deeper water at the Sea 
Ranch site while after Isabel changes in shore-parallel bar position are dominant (Figure 
18). 
A closer inspection of the data related to Hurricane Isabel demonstrates some 
interesting trends. In Kitty Hawk, significant nearshore accretion occurred at the 
bathymetric lows at mid-shoreface (Figure 19C). This is illustrated very well by cross-
shore profiles across the bar for each survey (Figure 20). Lateral and vertical deflation 
of the bar occurs during recovery after Isabel. The footprint of the bar contracts (Figure 
3) and the elevation of the bar decreases (Figure 20). Most of the accretion that occurs 
after Isabel is reversed by the final survey (Figure 19D). A similar, but less dramatic 
pattern was observed at the Sea Ranch site where a greater magnitude of accretion 
occurred at the landward ends of the troughs relative to the rest of the nearshore (Figure 
21C). The most dramatic bathymetric changes at the Sea Ranch were associated with the 
shore-parallel bar (Figure 21C and D). 
Lithological changes in Kitty Hawk are related to stonn events. After two 
nor' easters and Hurricane Isabel (March and Oct, respectively), the area of ,gravel 
exposures is low (Figure lOA). After some period of recovery (May and June), the area 
of the exposures increase, exposing more of the underlying stratum (Figure 1 OA). The 
signal at the Sea Ranch focus area is less clear, likely due to the smaller size and greater 
mobility of the shore-oblique bars there (Figure lOB). 
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4.2.2 Nearshore Sediment Volume and Connections to Shoreline Change 
Volumetrically, the nearshore response to stonn events is complicated. At all 
sites, nearshore sediment volume showed a decrease after 2 extratropical storms (Figure 
22A). Conversely, in the nearshore, Isabel was an accretional storm. With the exception 
of the Southern Shores site, nearshore volume increased after Isabel (Figure 22A). 
Beach volume data also indicate an increase after Isabel (Figure 22B). Because no beach 
volume data are available for the first survey, the beach volume response to the 
nor' easters could not be assessed. 
Storm-related short-tenn shoreline change data are also complex, demonstrating 
an almost inverse shoreline response between each forcing event (Figure 23). In 
Southern Shores, the nor' easter-related shoreline response was largely accretional while 
the Isabel-related response was erosional. At Kitty Hawk, the nor'easter period was 
associated with severe shoreline erosion while after Isabel the beach accreted. Despite 
being morphologically similar to the Kitty Hawk region, the Sea Ranch responded more 
like the Southern Shores site with nor'easter-associated accretion and Isabel-related 
erosiOn. Finally, the Nags Head site showed the most strikingly inverse shoreline 
response to the forcing events. With such spatially variable shoreline responses, it is 
difficult to compare storm-associated shoreline response to changes in the nearshore. 
To better observe storm-related relationships to sediment thickness, mean 
sediment thickness over the storm period is compared to shoreline mobility in Figures 
23-27. In general, higher sediment thicknesses observed from the Isabel-related surveys 
are associated with higher shoreline mobility over the same time period (Figures 23-27). 
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The highest shoreline mobility is found in the Kitty Hawk region after Isabel and is 
related to the highest mean sediment thickness at the shore-oblique bar (Figure 27). 
5.0 Discussion 
We examined changes in nearshore morphology, lithology and volume over a two 
year period in order to understand the short-term evolution of shore-oblique bars and 
their response to two very different forcing events. High storm-related spatial variability 
was observed, even among sites with similar morphology. We believe this is due to the 
interaction of local waves and currents with the morphology and variable lithology, 
which may be more important than longshore transport processes in regions with shore-
oblique bars. Hydrodynamic measurements from the surf zone will complement 
observations made on the inner shelf [Green et al., 2004; Murray and Thieler, 2004; 
Gutierrez et al., 2005] are needed to further develop these ideas and to support the 
relationships we have observed. 
5.1 Event-related changes 
The storm responses on the beach and in the nearshore were very complicated and 
highly spatially variable. Shoreline behavior after the nor'easters was almost completely 
opposite to the shoreline response after Isabel (Figure 23). In general, the shoreline 
eroded significantly after the nor'easters (Figure 23). Most of the nearshore changes 
observed were related to the movement of the shore-parallel bar and few shore-oblique 
bar-related changes were noted (Figures 15A-18A). After Isabel, the shoreline response 
was largely accretional, especially landward of the shore-oblique bar in Kitty Hawk 
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(Figures 23B and 25). Nearshore changes were also spatially variable, though greater 
seafloor variability was associated with the shore-oblique bars (Figures 15B-18B). 
Volumetrically, the nearshore response was different for each event. It is 
generally expected that during storms, sediment is transported offshore causing offshore 
migration of the shore-parallel bar [Komar, 1998]. We found that nearshore sediment 
volume decreased (albeit slightly) after the nor'easter series (Figure 22A). The data 
suggest that sediment was transported outside of our survey area, or beyond the 1Om 
isobath. This contradicts common assumptions of alongshore uniform sediment transport 
and also suggests that the limit of profile variability ("depth of closure") is much deeper 
at the sites we surveyed than previously reported for a site 15 krn north [Nicholls eta!., 
1998]. Our results are supported by those of Wright and Short [ 1984] who suggested that 
cross-shore and alongshore exchange of sediments is not confined to the surf zone but 
can extend out to the deeper depths (~20m) of the inner shelf, especially during stonn 
conditions. 
Hurricane Isabel was an accretional stonn; we observed sediment volume 
increases on the beach and in the nearshore (Figure 22). The post-Isabel expansion of 
the shore-oblique bar footprint in Kitty Hawk and significant decrease in exposure of the 
underlying gravel stratum, were most likely due to this increase in sediment volume 
(Figures 3 and 10). Nine months after the storm, the bar footprint contracted vertically 
and horizontally, the exposure area increased, and nearshore sediment volume decreased. 
Considering the longer wave period associated with Isabel and the fact that the surf zone 
was much larger during the storm, we suspect that the sediment came from offshore, 
outside the limits of our survey areas. 
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5.2 Short-term changes: Morphologic control on shoreline variability 
The morphologic and volumetric response of the nearshore is more dynamic 
where shore-oblique bars are present on the shoreface. At sites with shore-parallel bars, 
most of the morphologic variability is related to the movement of the longshore bar and is 
concentrated close to the shoreline (Figure 2). Conversely, at sites with shore-oblique 
bars, regions of high seafloor variability not only occur close to shore but are also 
associated with shore-oblique bars suggesting they are playing an active role in sediment 
transport in the nearshore (Figure 2). While previous authors have shown that higher 
shoreline mobility is associated with shore-oblique bars [Schupp eta!., 2006], we have 
shown that this relationship could be attributed to nearshore sediment volume. While the 
relationship between nearshore sediment volume and long-term shoreline change was 
suggested by Miselis and McNinch [2006], it may also be important to short-term 
variability. Nearshore sediment volume was almost twice as variable in regions with 
shore-oblique bars than at the two sites that had only shore-parallel bars (Figure 11 A). 
Beach volume also mirrored this trend (Figure llB). Clearly, sediment exchange 
between the beach and nearshore is more dynamic in regions where shore-oblique bars 
are present. 
We believe this may be related to persistent bathymetric gradients associated with 
the observed morphology (Figures 7 and 8). Cross-shore seafloor gradients in Southern 
Shores and Nags Head are generally around 0.01 (!:,rradua11y sloping off-:hore). In Kitty 
Hawk and at the Sea Ranch, cross-shore gradients are much more variable, changing 
from -0.01 (gradually sloping onshore) to 0.02-0.03 (steeply sloping offshore) in less than 
100 m. It seems likely that wave shoaling processes and relative dominance of particular 
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mechanisms of sediment transport (incident waves, subharmonic oscillations, infragravity 
oscillations, and/or mean currents) would be affected by these abrupt changes in cross-
shore seafloor gradient [Wright and Short, 1984]. In addition, cross-shore seafloor 
gradients are not alongshore uniform, potentially leading to the juxtaposition of 
dissipative (over the shore-oblique bar), intermediate (across the bar and trough), and 
reflective (across the trough) shoreface characteristics within just lkm. Wright and Short 
[1984] indicated that profiles within the intermediate range could change from one state 
to another rapidly and that this would cause highly variable beach response. Rather than 
temporal changes in beach state leading to dynamic beach behavior, we believe that 
persistent shore-oblique bar morphology of the nearshore represents a continuum of 
alongshore-variable beach states and that this is contributing to the high short-tenn 
shoreline variability observed at our sites. 
Additionally, wave interactions with nearshore bathymetry may cause variations 
in set-up at the shoreline. Raubenheimer and others [2001] found that set-up was higher 
when a shore-parallel bar was present in shallow water rather than deeper water. They 
also found that shoreline set-up increases as surf-zone averaged slope decreases 
[Raubenheimer et al., 2001]. Given the highly variable mean gradients observed to be 
associated with shore-oblique bars and troughs and the alongshore variability in cross-
shore bar position, it follows that longshore variations in wave set-up occur where shore-
oblique bars are present thereby influencing shoreline response. Observations of waves 
and currents and the use of hydrodynamic models that could incorporate small scale 
variations in seafloor gradient would be helpful for understanding how these features 
affect waves and currents and in tum, shoreline behavior. 
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5.3 Implications for the concept of uniform longshore sediment transport 
Evidence of natural longshore variability in coastal behavior is growing. List and 
others [2006] documented reversing storm hotspots on the beach in Cape Cod and the 
northern Outer Banks. Responding to the same event, one region of beach experiences 
erosion and accretion of nearly the same magnitude, while an adjacent region shows 
virtually no response [List eta!., 2006]. Nearshore bar configuration, longshore variable 
wave characteristics, changes in subaerial beach slope, and the underlying geologic 
framework were all considered as explanations for the observed variability, but were 
ultimately ruled out for one or both sites. Miselis and McNinch [2006] offered that 
longshore variations in geologically-defined sediment volume were related to long-tenn 
shoreline change. They argued that nearshore sediment volume was not only controlled 
by divergences and convergences in longshore transport, but also by shallow, nearshore 
stratigraphy. We showed that storm-related sediment thickness is related to shoreline 
mobility, such that longshore variable thicknesses corresponded to higher shoreline 
mobility than longshore uniform thicknesses (Figures 24 -27). This relationship appears 
to be important where the "active sediment layer" is about the same size as total 
thickness. This suggests that stratigraphically-defined sediment volume may be 
important over shorter time scales as welL 
To our knowledge, our observations are the first to document the short-term, 
longshore variable response of the nearshore to forcing events given spatially variable 
morphology. Our results further contribute to the evidence that coastal processes are far 
from uniform in the alongshore direction. Storm-related nearshore and shoreline 
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behavior is found to be highly spatially variable, even among areas with common 
morphology (this paper, Section 5.1 ). Persistent variability in longshore seafloor 
gradients was also documented (Figure 8), which may complicate longshore sediment 
transport around shore-oblique bars and contribute to shoreline change. Preliminary 
modeling using Delft 3D shows that convergences and divergences in longshore transport 
are commonly associated with simulated shore-oblique bar morphology [List et al., in 
prep]. Finally, the relatively stable location of troughs and gravel exposures on the 
shoreface (Figures 2 and 9) suggest that processes related to heterogeneous sediments 
may be more important than longshore transport in regions with shore-oblique bars 
[Green et al., 2004; Murray and Thieler, 2004; Gutierrez et al., 2005]. Considering all of 
the results presented here with evidence from the literature, we suggest that the concept 
of longshore-uniform sediment transport along the Outer Banks [Inman and Dolan, 1989] 
needs to be reexamined. 
6.0 Conclusions 
Through repeated geophysical surveys, we have observed the evolution of 
nearshore shore-oblique bars and troughs off the northeastern coast of North Carolina 
over two years encompassing two very different storm events. The integration of our 
two-year time series of observations showed many interesting short-term trends. Based 
on our results we conclude that: 
1) The volume of sediment in the nearshore is more dynamic in areas where shore-
oblique bars are present. 
2) Short-tenn shoreline mobility is related to nearshore morphology and dynamic 
volume changes. 
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3) Persistent cross-shore and longshore seafloor gradients associated with nearshore 
morphology may change wave dynamics in the nearshore, thereby increasing the 
variability ofbeach response. 
Storm-related results were highly variable making generalizations difficult. However, the 
response of the beach to storms appeared to depend on nearshore morphology. Shore-
oblique bars were associated with greater shoreline erosion during nor'easters and greater 
accretion after Isabel. If predictions of shoreline change are to be successful, 
consideration of nearshore morphology is imperative. In order to better understand how 
shore-oblique bars and shoreline change are related, observations of local hydrodynamics 
associated with shore-oblique bars and troughs during fair-weather and stonn conditions 
are essential. 
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Section II, Table 2. Survey Nomenclature, Dates, and Pre-Survey Wave Conditions. 
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Section II, Table 3. Storm Events and Characteristics. 
Storm Event Date A,g. Vlfave Ht .. (m)* ~~- Wave l:ft~ (m) ... $toft'11i)u('a~i9rt (hr) Wave P,ow~r Wind l)irection 
Nor'easter 1 14-Mar-03 2.57 2.92 11.94 101.81 N-NNE 
Nor'easter 2 19-Mar-03 2.32 2.85 47.78 388.09 N-NNE 
Micro-Storm 3-May-03 2.05 2.17 6 28.25 N-NNE 
Hurricane Isabel 18-5ep-03 3.88 8.12 60 3956.06 NE to SSW 
Post-Isabel Storm 10-0ct-03 2.5 3.29 36 389.67 N-NNE 
Post-Isabel Storm 22-0ct-03 2.04 2.06 2.12 9.00 NNE toSE 
*This is average wave height during an "event," which was defined as time over which wave heights exceeded 2m. 
**This is significant wave height. The peak wave height recorded during Isabel was 12.1 m. 
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Section II, Figure 5. Temporal bathymetric 
cross-sections across two shore-oblique 
bars at the Sea Ranch site. 
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Section II, Figure 6. Temporal bathymetric 
cross-sections across the landward portion of a 
large shore-oblique bar in Kitty Hawk. 
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Section II, Figure 9. Time Series of Acoustic Backscatter from Kitty Hawk. 
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Section II, Figure 10. Area of Gravel Exposures for each Survey. 
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Section II, Figure 11. Plots of nearshore volume variability for 
each site with site-averaged shoreline mobility 
and beach volume variability. 
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Section II, Figure 13. Wind and Wave data for the "Nor' easter Period" (June 2002 to May 2003) 
Geophysical survey periods shown in yellow. Conditions during series of nor'easters shown in green. 
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Section II, Figure 14. Wind and Wave data for the "Isabel Period" (May 2003 to June 2004) 
Geophysical survey periods shown in yellow. Hurricane Isabel and Post-Isabel storm conditions shown in green. 
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Section II, Figure 20. Repeated cross-shore profiles over a shore-oblique bar, Kitty Hawk. 
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Section II, Figure 22. Temporal changes in nearshore 
and beach sediment volume. 
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Section II, Figure 23: End Point Shoreline Change for each Storm Period. 
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Sediment heterogeneity and nearshore morphology 
SECTION III: SEDIMENT HETEROGENEITY AND ITS RELATIONSHIP TO 
NEARSHORE AND SHELF MORPHOLOGY 
Abstract: 
Seafloor sediment heterogeneity further complicates the already complex nature 
of the nearshore, defined here as the swash, surf, and breaker zones. In sediment-limited 
systems, the source of shoreface heterogeneity is often shallow, subsurface strata, which 
can become exposed and buried over relatively short time scales. Quantifying vertical 
heterogeneity of the nearshore may help us better predict sediment variability at the 
seafloor surface (or the lateral variability) and, in tum, better understand the relationship 
between coastal morphology, stratigraphy, and lithology. To this end, eighteen 
vibracores were collected from the nearshore of the Outer Banks, North Carolina from 
within and outside of a previously identified shore-oblique bar field. Cores from shore-
oblique bars and troughs show greater variability in median grain size than those taken 
from a convex shoreface. Geophysical data show a coarser underlying stratum is exposed 
from the axis of the trough and on flanks of shore-oblique bars. Changes in the cross-
sectional morphology of bars through time indicate a possible relationship between 
shore-oblique bar morphology and coarser trough sediment that is similar to the bed 
roughness feedback already documented for rippled scour depressions/sorted bedforms. 
The data support our hypothesis that sediment heterogeneity related to coastal 
stratigraphy may be the catalyst for the formation and maintenance of many types of shelf 
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morphology and suggest that shore-oblique bars may represent a morphologic 
intermediary between rippled scour depressions/sorted bedforms and sand ridges. 
1.0 Introduction: 
Heterogeneous sediments, or sediments consisting of a wide range of grain sizes 
in distinct patches, are estimated to cover more than 50% of the world's coasts [Holland 
and Elmore, in press]. Sediment heterogeneity can be expressed laterally, such as 
changes in sediment type at the surface of the seafloor ( 0 > 1 Os meters), or vertically in 
the form of shallow, stratigraphic variability (0 ~ 1-2 meters, Figure 1) though the 
importance of the latter is poorly understood. Despite pervasive examples of seafloor 
sediment heterogeneity coupled with three-dimensional morphology, such as rippled 
scour depressions/sorted bedforms, shore-oblique bars, and sand ridges, our ability to 
model coastal processes is largely dependent on the simplification of the natural 
enviromnent into descriptive statistics, like mean grain size and shoreface slope [Wiberg 
and Smith, 1987; Bernabeu et al., 2003; Dean, 1977; Dean et al., 1993]. These 
parameters do not accurately represent many shelves world wide [Holland and Elmore, in 
press] making the modeling of documented geomorphological interactions with 
shorelines difficult [McNinch, 2004; Schupp et al., 2006; Thieler et al., 2001]. In order to 
better understand how variable sediment and morphology affect large-scale coastal 
sediment transport and to work toward parameterizing those interactions, we need to 
determine the sources of heterogeneous sediment to coastal systems and how that 
sediment may play a role in the initiation ofbedfonn and barfonn genesis. 
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1.1 Relationship between morphology and mixed sediment 
Due to advances in geophysical technology, information regarding the spatial 
complexity of nearshore and inner shelf sediments and morphology is expanding 
[McNinch, 2004; Thieler et al., 2001; Harris et al., 2005; Cacchione et al., 1984; 
Schwab et al., 2000; Goff et al., 2005a and b; Green et al., 2004]. Many examples of 
sediment heterogeneity have been identified, though most studies focus on lateral 
seafloor heterogeneity, or sedimentological variations occurring in the alongshore and 
cross-shore directions at the sediment-water interface. Rippled scour depressions, or 
sorted bedforms, have been identified all over the world [see reviews in Cacchione et al., 
1984, Murray and Thieler, 2004, and Holland and Elmore, in press] and have been 
shown to influence suspension and deposition of sediment on the inner shelf [Green et 
al., 2004; Gutierrez et al., 2005; Murray and Thieler, 2004]. They are generally shore-
normal, elongate depressions, with coarser, rippled sediment in their troughs. Their 
vertical relief is on the order of 1 m. 
Many authors have speculated as to the origin of rippled scour depressions/sorted 
bedforms. Cacchione et al. [ 1984] hypothesized that they were formed from the 
winnowing of fine sand due to intensified cross-shore flows associated with storms. 
Ferrini and Flood [2005] speculated that the creation of these bedforms was related to 
increased stress associated with the convergence of waves or currents and that the coarse 
sediments were derived from underlying sediments exposed by preferential removal of 
sand; these conclusions were drawn without measurements of waves or currents or 
sediment samples. Murray and Thieler [2004] suggested that the formation of rippled 
scour depressions/sorted bedforms begins with an initially mixed bed in which coarse 
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grains are concentrated by along-shelf processes. Increased turbulence and shear stress 
above these coarse-grained patches would begin a positive feedback that would inhibit 
the settling of fine sediment [Green et al., 2004; Gutierrez et al., 2005]. While most of 
these studies have focused on bedform generation from a mixed bed, high resolution 
seismic reflection collected near Martha's Vineyard suggests that the source of coarse 
sediment can be an erosional lag [Goff et al., 2005b]. Despite little consensus on the 
formation of rippled scour depressions/sorted bedforms and the source of mixed sediment 
necessary to form them, it is clear that there is a feedback between mixed sediment and 
morphology that preserves these features on the inner shelf and in the nearshore. 
Sand ridges, though very different in scale and morphology from rippled scour 
depressions/sorted bedforms, are almost as ubiquitous as the features discussed above and 
share the association of morphology and mixed sediment. Sand ridges have been studied 
extensively off the transgressive coast of the eastern United States [Goff et al., 1999; 
McBride and Maslow, 1991; Schwab et al., 2000; Snedden and Dabymple, 1999; 
Snedden et al., 1994; Swift and Field, 1981], Sable Island in eastern Canada [Dalrymple 
and Hoogendoorn, 1997, Li and King, 2007], Yellow Sea [Jin and Chough, 2002], 
Korean Sea [Park et al., 2003], Argentina [Parker et al., 1982], Brazil [Figueiredo et al., 
1982] and the North Sea [Antia, 1996; van de Meene, 2000]. The morphology of sand 
ridges varies from shelf to shelf, but generally they are found to be linear, shore-oblique 
(10-40° from the shoreline) sand bodies with length scales on the order of several 
kilometers and width scales on the order of 1-2 km. Their trough to crest relief is 
generally 5-l 0 m, much greater than that of rippled scour depressions/sorted bedfonns. 
Swift and Field [ 1981] defined several different stages of sand ridge development based 
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on water depth, ridge slope, cross-sectional area, and asymmetry. They also found that 
grain size varied across a ridge, describing coarse sediment from the axis of the landward 
trough to the ridge crest and finer sediment from the ridge crest to the axis of the seaward 
trough [Swift and Field, 1981]. Many sand ridges have been found to rest atop a 
ravinement surface (Basal Reflector in some texts) [Swift and Field, 1981; Snedden et al., 
1994; Dalrymple and Hoogendoorn, 1997] 
Most investigators have accepted the Huthnance [1982] model of sand ridge 
formation, whereby an initial perturbation on the seafloor and a sufficient source of sand 
is necessary for the evolution of the ridge to begin via friction-dominated sand transport. 
It is generally believed that there is a continuum associated with ridge genesis in which 
an initial perturbation is created by shore-parallel storm flows, grows via the Huthnance 
model [1982] or, more recently, the Trowbridge model [1995], and becomes a shoreface-
attached rid~e [Swift and Field, 1981; Snedden and Dalrymple, 1999]. As transgression 
occurs, the shoreface-attached ridge separates from the shoreface to become a nearshore 
ridge, and finally an inner shelf ridge at which point the ridge is maintained and sculpted 
by the deeper water flow regime [Swift and Field, 1981; Goff et al., 1999]. The source of 
the initial seafloor perturbation remains somewhat speculative. Some authors suggested a 
perturbation of any size could initiate ridge genesis [Swift, 1985]. McBride and Moslow 
[ 1991] showed a relationship between historical and/or active inlet locations and the 
presence of sand ridge fields and speculated that the ebb tidal deltas associated with inlets 
provided the necessary sand and morphological precursor for sand ridge development. 
However, investigations of sand ridges that are not associated with modem or relict inlets 
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suggest that some other mechanism may be important for ridge formation [Dabymple 
and Hoogendoorn, 1997; Antia, 1996]. 
Finally, at a scale in between those of rippled scour depressions/sorted bedforms 
and sand ridges, there is a third shelf morphology associated with mixed sediment: shore-
oblique sandbars. Shore-oblique bars were first identified by McNinch [2004] in the 
surfzone and nearshore of North Carolina and Virginia. They have since been related to 
several temporal scales of shoreline erosion [McNinch, 2004; Schupp et al., 2006]. They 
are oblique to the shoreline at angles of 48-87° [Schupp et al., 2006] and are on the order 
of 1 km in length and 1 00s of meters in width. Although variable, their trough-to-crest 
relief is ~3 m. The bars are flanked to the north by troughs of coarser sediment, derived 
from the exposure of the underlying transgressive ravinement surface [Mise/is and 
McNinch, 2006]. Shore-oblique bars often occur in discrete bar fields composed of 
several bars and troughs. Work by Browder and McNinch [2006] related the location and 
size of shore-oblique bar fields to the presence of relict paleofluvial valleys and tidal 
inlets. While little is known about the origin of shore-oblique bars, Browder and 
McNinch [2006] suggested several hypotheses based on the association of the 
morphologic features with paleochannels, including 1) alteration of sediment transport 
potential due to submarine groundwater discharge, 2) alteration of the wave field via 
variable roughness gradients further offshore, and 3) the initiation of self-organizing 
bedfonn behavior due to the exposure of channel fill material. However, with no direct 
observations of the heterogeneity of channel fill sediments, the authors could not further 
speculate on the mechanisms associated with shore-oblique bar formation. 
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We hypothesize that the initiation of many bedforms is associated with sediment 
heterogeneity and that the source of mixed sediment in many coastal systems is relict 
sediments associated with paleofluvial, tidal inlet channels, and/or glacial outwash fans 
deposited before and during the last transgression. Using geophysical and 
sedimentological data collected from the nearshore of North Carolina, we build on the 
association of shore-oblique bars with paleochannels established by Browder and 
McNinch [2006] by showing greater heterogeneity of sediments associated with 
sediments underlying a field of shore-oblique bars and speculate on their origin through 
analysis of their morphology and stratigraphy. Our specific hypotheses are as follows: 1) 
the vertical range of grain sizes associated with shore-oblique bars is greater than that in 
areas without shore-oblique bars; 2) shore-oblique bars share more morphologic and 
stratigraphic commonalities with sand ridges than with rippled scour depressions/sorted 
bedforms; and 3) the initiation of shore-oblique bar fonnation may be the "precursor" to 
sand ridge development discussed in the literature. 
We focus on a field of shore-oblique bars near Kitty Hawk, North Carolina in the 
northeastern Outer Banks (Figure 2). Below, the geologic setting of the study area will 
be described followed by a description of the field and laboratory methodologies used 
(Sections 2 and 3, respectively). In Section 4, geophysical observations and vibracore 
data will be presented to demonstrate the lateral and vertical heterogeneity found on the 
shoreface. In the discussion (Section 5), evidence of a genetic relationship between 
shore-oblique bars and sand ridges will be documented. The importance of sediment 
heterogeneity in the formation and maintenance of inner shelf morphology will also be 
discussed. 
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2.0 Geologic setting: Northeastern Outer Banks 
The arch and basin morphology of Tertiary and Cretaceous strata underlying the 
coastal plain of North Carolina has contributed directly to the preservation of Quaternary 
sediments in on the Atlantic side of Bodie Island in northeastern North Carolina (Figure 
2). The Albemarle Embayment underlies our study area, bounded to the north by the 
Norfolk Arch and to the south by the Cape Fear Arch, and has allowed the sediments of 
the coastal plain to record the complex depositional and erosional histories associated 
with sea level rise [Horton and Zullo, 1991]. Pleistocene sediments were extensively 
incised by fluvial channels during periods of lower sea level [Mallinson et a!., 2005; 
Riggs eta!., 1995]. The most dramatic example of this process is the Paleo-Roanoke 
River Valley (PRRV), which has been dated as Pleistocene or Holocene in age 
[Mallinson et al., 2005]. The paleo-river valley dominates the upper strati!,rraphic record 
in the eastern part of the Albemarle Sound [Mallinson et al., 2005] and has also been 
mapped on the Atlantic side of Bodie Island [Browder and McNinch, 2006; Boss eta!., 
2002]. Authors have previously reported that muds, peats, sands, and gravels have been 
preserved within the paleofluvial valley [Schwartz et al., 1997; Riggs et al., 1992]. 
The northeastern Outer Banks are wave-dominated, microtidal barrier islands and 
have very few modem inlets [Hayes, 1979]. No modem inlets are present in the study 
area, but relict inlets have been identified in the vicinity of Nags Head [Fisher, 1962]. 
Browder and McNinch [2006] mapped several relict tidal inlets near Nags Head in 
association with three-dimensional shoreface morphology. Relict fluvial and tidal 
channels and the channel fill sediments found within them are likely underlying 
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transgressive shelves around the world, underscoring the importance of determining their 
influence on coastal sediment transport. 
3.0 Methods 
We addressed our objectives using a combination of geophysical observations and 
sediment sampling techniques. An extensive ( ~40 km2) geophysical survey was 
conducted in the summer of 2002 [McNinch, 2004] which included bathymetric, 
lithologic and sub-bottom mapping (Figure 2). Repeated, smaller scale surveys (four ~1 
km2 sites) were completed from 2002 to 2004 [Mise/is and McNinch, in prep] using the 
same instrumentation (Figure 3). Bathymetric soundings were collected using a Sea Ltd. 
Interferometric System (Submetrix Series 2000, 234 kHz). Acoustic backscatter data 
were recorded simultaneously using the same system. The combination of these data 
allowed for a detailed analysis of the surface morphology and lithology associated with 
shore-oblique bars. High resolution seismic reflection data were collected using an 
Edgetech Chirp system (216s, 2-10kHz) which enabled us to observe the strati.t,'Taphy of 
shore-oblique bars and the adjacent convex shoreface. All data were collected aboard the 
U.S. Army Corps of Engineers' (USACE) LARC and were spatial1y referenced using 
RTK-GPS. Finally, USACE began to map the morphology of the nearshore in our study 
area from 2004 through 2006 using an Interferometric GeoSwath System (GeoAcoustics, 
250kHz). 
Eighteen sediment vibracores were collected during two cruises in May and July 
2005 aboard VIMS' R/V Pelican (Figure 3). The Australian-made vibracoring unit is 
electrically driven and stands freely on the seafloor via retractable legs. We recovered 
cores from water depths between 3 and 14 m with lengths from 0.50 - 6.5 m. Core 
Sediment heterogeneity and nearshore mmphology 113 
locations are shown in Figure 3. Vibracores were cut into 1.5m sections and frozen until 
they could be analyzed. Core sections were then split and described, noting nature and 
depth of contacts, changes in mud, carbonate and heavy mineral content, and changes in 
grain size. Cores collected in May 2005 were sampled at 10 em intervals (1 em of 
sediment every 10 em) and where contacts occurred. The other half of the core was 
archived. A representative number of samples from each unit identified within the core 
were analyzed for grain size using sieving and pipetting techniques. Cores from July 
2005 were sampled every 2 em (every 2 em of sediment was sampled). Core half-
sections from July 2005 were not preserved but archive samples were collected using the 
same sampling convention. Representative samples were selected at 20-30cm intervals 
down-core and analyzed for grain size using pipette analysis for the mud fraction and a 
settling column for the sand and gravel fractions. Median grain sizes (D50) reported in 
the text only take into account the sand and gravel fractions of each sample. 
4.0 Results 
4.1 Sediment Heterogeneity 
The lateral sediment heterogeneity associated with shore-oblique bars has been 
documented by several authors [McNinch, 2004; Browder and McNinch, 2006; Schupp et 
a!., 2006; Mise/is and McNinch, 2006; Mise/is and McNinch, in prep] but will be 
reviewed here to facilitate comparisons with other shelf morphologies. Side scan sonar 
mosaics show the persistence of the exposure of the underlying substrate over several 
years (Figure 4). In the inset of Figure 4, photographs of grab samples collected in 
October 2002 are used to groundtruth the acoustic backscatter and show that the surface 
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of shore-oblique bars are composed of fine-medium grained sand while the troughs are 
composed of coarse gravel and shell-hash. 
4.1.1 Vertical Sediment Heterogeneity: Shore-Oblique Bars 
Vertical variability of the shore-oblique bars was investigated through analysis of 
vibracores. Because of the documented relationship between shore-oblique bars in our 
study area and the underlying Paleo-Roanoke River Valley (PRRV), cores taken within 
the shore-oblique bar field are also within the limits of the PRRV and therefore are 
representative of the complex cut and fill structure within the relict fluvial valley 
[Browder and McNinch, 2006]. Eleven vibracores were taken within the shore-oblique 
bar field (within the PRRV) and seven were taken from regions with a convex shoreface 
(outside of the PRRV; Figure 2). Of the cores taken from a shore-oblique bar field, 5 
were taken from a shore-oblique trough, 4 were taken from a bar (2 from one bar in Kitty 
Hawk and 2 from two different bars near the Sea Ranch), and 2 were taken on the 
shoreface landward of the trough. Table 1 provides a general description of the target 
morphology and the core numbers associated with it. Though there was significant 
spatial variability amongst the cores, stratigraphic trends will be summarized here. The 
results from every core will not be shown, but plots from individual core~ that 
demonstrate the overall trends are included. For complete descriptions of each core 
including the limited results of carbon dating, please see Miselis [2007; Appendix A]. 
Due to the association of the shore-oblique bar field with the PRRV [Browder and 
McNinch, 2006] and the fill within it, the stratigraphy of shore-oblique bars and troughs 
was highly variable and complex. Shore-oblique bars were found to be composed of 
fine-very fine sand (Figure 5). In every core, the sand rested atop a coarse layer 10-30 
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em in thickness (Figure 5) though the percentage of gravel by weight and the overall 
grain size varied. For cores NOBX-3 (KH) and NOBX-4 (SR), the median grain size for 
the coarse layers was> I mm and the gravel content was> 40%. For cores NOBX-14 
(KH) and NOBX-15 (SR), the D50 of the coarse material was around 0.15 mm and both 
cores had less than 20% gravel by weight. Below the coarse layer, a subtle coarsening 
upward trend was observed (Figure 5). Also, the mud content of the sediment increased 
below the coarse layer and in some samples, was the dominant sediment type (Figure 5). 
Due to positioning errors associated with collecting cores in the surf zone and the 
relatively narrow width of the troughs at shallower depths, few cores taken in the trough 
managed to capture the nature of the surficial sediment. Cores NOBX-2-1 and NOBX-13 
were collected from the deeper part of the trough in Kitty Hawk where it is wider and 
easier to sample. We therefore believe that the surface sediment of those cores is a good 
representation of the surficial lithologic character of the trough. Both cores will be 
described due to their distinct strata. Core NOBX-2-1 was the shortest core recovered 
(length = 50 em) but showed the greatest range of heterogeneity. It was collected from 
the center of a trough near Kitty Hawk (Figure 3). The upper layer of the core was 10 
em of poorly-sorted gravel, coarse sand, and shell hash with a median grain size of -1.75 
mm (Figure 6). This was underlain by 9 em of clean gray-black fine sediment. It was 
>70% mud by weight with almost 40% silt and clay respectively (Figure 6). Directly 
under the clay layer, was a second gravel-coarse sand-shell hash layer 31 em in thickness 
and almost identical to the layer at the top of the core, but with just slightly less fine 
sediment (Figure 6). Core NOBX-13 was collected from the deepest portion of the 
trough in about -13 m (ML W). Rather than seeing coarse gravel at the surface of this 
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core, we found a 10 em grayish brown consolidated layer that was > 60% mud ( ~ 16% 
clay and ~50% silt; Figure 7). At 116 em below the seafloor surface, a moderate 
increase in very coarse-coarse and medium sand was observed (Figure 7). The sand in 
between the top of the core and this "coarse layer" fined upward but below 116 em the 
sands coarsened upward (Figure 7). The coarse sediment composing this "coarse layer" 
was mostly found in very thin, discreet intervals throughout the bottom 1.3 m of the core, 
not forming a coherent coarse layer as was found in most other cores. The mud content 
remained fairly constant below a core depth of 40 em and no gravel was observed 
(Figure 7). 
Cores were also collected from the upper shoreface within the shore-oblique bar 
field, unassociated with morphology. The median grain size associated with the upper 
shoreface sands ranged from 0.14-0.2 mm (Figure 8). Overall the sands were 
compositionally similar, though slight variations in mean grain size were observed. The 
thickness of shoreface sands was on the order of I m and was limited by the presence of a 
coarse layer with gravel content generally <1 0% (Figure 8). Mud content was generally 
consistent throughout the cores and averaged ~ 3% (Figure 8). 
4.1.2 Vertical Sediment Heterogeneity: Convex Shoreface 
Overall, the stratigraphy of the shoreface outside of the shore-oblique bar/trough 
region (and therefore, outside of the PRRV) was much simpler than that described above. 
The behavior of the transgressive ravinement surface differs north and south of the shore-
oblique bar field [Miselis and McNinch, 2006], necessitating a description of the trends in 
both locations. North of the bar field, the shoreface sediment is predominantly fine sand 
which is more or less homogenous until the presence of a pronounced coarse layer 
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(Figure 9). Mud is present within and below the coarse layer, but not above it (Figure 
9). The sediment below the coarse layer is very similar to that above the coarse layer 
(Figure 9). South of the bar field, the shoreface sediment is predominantly very fine 
sand (Figure 10). The coarse layer is either thick with highly variable gravel content 
(Figure 10), or ~ 10 em in thickness with consistent, but low gravel content. Unlike the 
core to the north, the cores from south of the bar field have mud throughout their length, 
albeit in small percentages (Figure 10). The sediment below the coarse layer is slightly 
finer than the sediment above it (Figure 10). 
4.1.3 Spatial Variability of Sediment Heterogeneity 
In order to quantify the range of sediment types associated with shore-oblique 
bars (i.e. within the PRRV), we plotted the median grain size (D5o) for each sediment 
sample versus core number in Figure 11. Sediment collected from outside the shore-
oblique bar field (asterisks) generally has a smaller range of grain sizes than sediment 
collected from within the bar field (open circles). Data points within the solid boxes 
indicate cores collected from south of the bar field while data points within the dashed 
box represent sediment from north of the shore oblique bar field, where differences in the 
shallow stratigraphy have been noted [Miselis and McNinch, 2006]. Figure 12 shows the 
standard deviation of median grain sizes for a particular core, solid triangles indicating 
sediment from outside the shore-oblique bar region. Overall, the lowest variability in 
mean grain diameter is associated with sediments outside the bar field (Figure 12). 
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4.2 Shore-Oblique Bar Morphology and Relationship to Sediment Heterogeneity 
Bathymetric transects perpendicular to the axis of the bars were created to observe 
shore-oblique bar morphology in cross-section (Figures 13, 14 and 15). Two cross-
sections were taken in Kitty Hawk, one in 6-8 m water depth (Figure 13) and one in 8-11 
m water depth (Figure 14) and one cross-section was measured in 8-llm water depth at 
the Sea Ranch site. Several trends are observed (Figure 15). First, in Kitty Hawk, the 
shallower portion of the bar appears to be subtly asymmetric, the northern flank of the bar 
steeper than the southern flank (Figure 13). Farther offshore, the bar cross-section 
appears to be more symmetric, with similar slopes on either side of the bar (Figure 14). 
The two bars sampled at the Sea Ranch site also appear to be asymmetric; however, the 
asymmetry is not consistent between the bars (Figure 15). The northern bar is steeper on 
its southern flank and the southern bar is steeper on its northern flank (Figure 15). In 
Kitty Hawk, the trough is expressed in shallow water until the fourth survey, where it 
appears to fill in (Figure 13). In the final survey, the trough appears to remain filled in 
and the shallow part of the bar seems to have lost most of its definition, although the 
southern flank may still be evident (Figure 13). 
Figure 16 shows an acoustic backscatter mosaic overlain with bathymetric 
contours from the Kitty Hawk and Sea Ranch sites. Upon closer inspection of the bar 
morphology and associated lithology, we see that in Kitty Hawk, the coarser material in 
the troughs appears to start at the trough axis and continue up the northern flank of the 
shore-oblique bar (Figure 16A). The same pattern is observed for the northern bar at the 
Sea Ranch site, but the relationship is less clear for the southern bar (Figure 16B). 
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5.0 Discussion 
5.1 Genetic relationships: shared characteristics of shore-oblique bars and sand ridges 
Shore-oblique sandbars are a distinct shelf morphology. In a continuum of 
trough-crest relief, shore-oblique bars (~3m) fall in between RSDs/sorted bedfonns 
(~1m) and sand ridges ( ~5-lOm). The crest spacing associated with shore-oblique bars is 
also in between that of RSDs/sorted bedfonns and sand ridges. In general, shore-oblique 
bars are irregularly spaced and crest to crest distances range from I 00-SOOm. The 
spacing of RSDs/sorted bedforms is on the order of 10-lOOm [Ferrini and Flood, 2005] 
while the spacing of sand ridges is > 1 km [Snedden and Dabymple, 1999; Sw(ft and 
Field, 1981]. Despite these differences, shore-oblique sandbars appear to be more like 
sand ridges than rippled scour depressions/sorted bedfonns when their cross-sectional 
morphology, sediment composition and relationship to ravinement are compared. In a 
review of sand ridges found worldwide, Snedden and Dalrymple [ 1999] found sand 
ridges to be "dominantly asymmetrical." Offshore of Maryland in the mid-Atlantic bight, 
Swift and Field [ 1981] distinguished between the asymmetry of shoreface-attached ridges 
and shelf ridges, suggesting that shallower ridges are more symmetrical than ridges found 
in deeper water. The shore-oblique bars mapped in this study were found to be slightly 
asymmetrical (Figures 13 and 15), supporting the idea that shallower features exhibit 
lesser asymmetry. Variability in cross-sectional asymmetry between sites is likely due to 
the distinct relationship of the morphology to the shoreface [Mise/is and McNinch, in 
prep]; the bar in Kitty Hawk appears to be more well-defined on the upper shoreface 
(shallower) than the bars at the Sea Ranch (deeper; Figure 13 & 15). 
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Stratigraphically, shore-oblique bars and sand ridges share many attributes. 
Shore-oblique bars are composed of fine to very fine sands which lie above a coarse layer 
composed of gravel and shell hash (Figure 5). On the New Jersey shelf, Snedden and 
others [ 1994] used seismic reflection and vi bra cores to investigate the stratigraphy of 
Peahala Ridge, a shoreface-attached sand ridge. They found that the sand ridge was 
composed of fine-coarse grained sands which were separated from Pleistocene sediments 
by a coarser shell lag. Near Sable Island in eastern Canada, Dalrymple and Hoogendoorn 
[ 1997] used similar methods and showed that sand ridges there lay atop a "Basal 
Reflector." This 0.05-0.Sm thick gravel layer separated fine-medium grained ridge sands 
from the coarser or finer sediments below it [Dalrymple and Hoogendoorn, 1997]. The 
coarse layer identified in all of our cores was of similar thickness (O.l-0.3m) and was 
found directly under shore-oblique bar sands when the features were present (Figure 5). 
Based on its regional continuity and high amplitude acoustic signature from seismic 
reflection profiles, this layer was interpreted to be a transgressive ravinement surface 
[Miselis and McNinch, 2006]. A similar reflection surface was identified in eastern 
Canada, where Dalrymple and Hoogendoorn [1997] showed that their "Basal Reflector' 
was laterally continuous with a high amplitude reflection relative to sand ridge sediment. 
Finally, the relationship of surficial sediment distribution and morphology is also 
common between the two morphologies. For shore-oblique bars, coarser sediment 
extends from the trough axis up onto the northern flank of the bar (Figure 16). Similarly, 
on sand ridges, the coarse and fine sediment is found to be 90° out of phase with the 
morphology, such that the coarse sediment is found from the axis of the trough on the 
updrift side of the ridge to the ridge crest and fine sediment is found from the ridge crest 
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and down the downdrift flank [Swift and Field, 1981; Snedden and Dabymple, 1999; 
Goff et al., 1999; Antia, 1996; Dalrymple and Hoogendoorn, 1997]. Surficial sediment 
grabs from shore-oblique bars are necessary to confirm whether or not coarse sediment is 
found on the bar crest, since it is somewhat unclear from the plots of acoustic backscatter 
(Figure 16). However, the similarities between grain size and morphology associated 
with ridges and bars are compelling. Given their similar cross-sectional morphology, 
surficial and internal organization, and the relationship of their morphology to a 
ravinement surface or other acoustically distinct and continuous coarse layer, shore-
oblique bars and sand ridges appear to be genetically similar. 
5.2 Maintenance of Shore-oblique Bars: Sensitivity to Mixed Sediment Feedback 
5.2.1 A Positive Feedback Mechanism .for Mixed Sediments 
A sediment segregation maintenance mechanism was proposed by several authors 
investigating rippled scour depressions/sorted bedforms that may give insight to how 
shore-oblique bars are preserved on an energetic shoreface [Green et al., 2004; Murray 
and Thieler, 2004; Gutien·ez eta!., 2005]. Green and others [2004] and Gutierrez and 
others [2005] presented observations of currents and suspended sediment, while Murray 
and Thieler [2004] presented geological and geophysical observations coupled with an 
exploratory model. All approaches sought to describe the persistence of rippled scour 
depressions/sorted bedforms on shelves world-wide. Coarse sediment associated with the 
features increase seabed roughness which serves to increase entrainment and inhibit 
settling of fine sediment over the coarser region. Entrained sediment is advected by 
currents to a region of finer sediment (and therefore lower roughness) where sediment is 
deposited. Observations of currents, waves and sediment suspension from rippled scour 
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depressions/sorted bedforms in New Zealand and Wrightsville Beach, NC support this 
proposed mechanism [Green et al., 2004; Gutierrez et al., 2005]. Murray and Thieler 
[2004] put forward that it is by this positive feedback mechanism that rippled scour 
depressions/sorted bedforms are maintained, even after high-energy events. 
Murray and Thieler (2004] only discuss their model in the context of RSDs/sorted 
bedforms but they propose any concentration of coarse sediments could initiate a bed 
roughness feedback. Though they indicate that their model is not dependent on 
concentrations of coarse sediment from paleo-fluvial valleys or other stratigraphic 
features, in the field, the source of sediment heterogeneity appears to be intimately linked 
with the nature of shallow coastal stratigraphy. Goff and others [2005] showed a 
relationship between the coarse troughs of rippled scour depressions/sorted bedforms 
near Martha's Vineyard Coastal Observatory in Massachusetts and a continuous, 
erosional lag deposit identified from high :frequency seismic reflection profiles. 
Similarly, others have documented exposures of a coarse transgressive lag in troughs of 
shore-oblique bars [McNinch, 2004; Mise/is and McNinch, 2006]. Our data indicate the 
wider range of mixed shoreface sediments found in a shore-oblique bar field is supplied 
by the shallow stratigraphy of the nearshore (Figure 2). Clearly, spatial variations in 
coastal stratigraphy contribute to the heterogeneity of the shoreface and that 
heterogeneity may in tum play a role in the maintenance of RSDs/sorted bedfonns and 
shore-oblique bars. 
5.2.2 Evidence of shore-oblique bar response to changes in seafloor grain size 
Preliminary evidence of the sensitivity of shore-oblique bar morphology to the 
juxtaposition of varying lithologies is presented in Figure 13. In this temporal series of 
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bathymetric cross-sections across a shore-oblique bar, the feedback between coarse 
gravel and fine sand associated with shore-oblique bars appears to be overwhelmed after 
the passing of Hurricane Isabel (see Mise/is, 2007 for a detailed discussion of event-
related nearshore responses). The last three cross-sections represent the bathymetry 
before (Figure 13, May 2003), I month after (Figure 13, Oct. 2003) and 9 months after 
Hurricane Isabel (Figure 13, June 2004). In the first cross-section (Figure 13, May 
2003), a well-defined shore-oblique bar and trough is observed. Acoustic backscatter 
demonstrates that the trough is coarser than the bar (Figure 16). Because of the 
difference in grain size, it is likely that a positive feedback exists that maintains this 
arrangement and contributes to the observed morphology [Murray and Thieler, 2004; 
Green et al., 2004]. The bathymetric cross-section shown in Figure 13, Oct. 2003 was 
generated from the post-Isabel survey; the trough appears to have filled in at its landward 
end and acoustic backscatter supports this observation (data not shown). Isabel was 
found to be an accretional storm given that the volume of sediment on the beach and in 
the nearshore increased at Kitty Hawk [Miselis and McNinch, in prep]. This pulse of 
sediment likely contributed to the shallow infilling of the trough. Finally, in the cross-
section from ~ 9 months after Isabel (Figure 13, June 2004), the trough appears to 
remain filled and the bar has lost its distinct shape. We believe this implies that the 
feedback between the coarse and fine sediment at the landward end of the shore-oblique 
bar was interrupted by excessive sediment deposition associated with Hurricane Isabel 
thereby inhibiting the maintenance of the bar-trough morphology. Later bathymetric 
surveys by the U.S. Army Corps of Engineers from the Field Research Facility in Duck, 
NC indicate that the bar does persist, suggesting that infilling just the seaward end of the 
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trough was not enough to cause complete breakdown of the shore-oblique bar 
morphology. The preservation of shore-oblique bar morphology appears to be sensitive 
to the feedback that exists between coarse and fine sediments. Our data also suggest that 
shore-oblique bars may be a morphologic intermediary between rippled scour 
depressions/sorted bedforms and sand ridges. However, it remains unclear in what way 
these findings relate to the genesis of shelf morphologies. 
5.3 Sediment Heterogeneity-Common Link for Initiation and Maintenance of Inner 
Shelf Morphology 
We hypothesize that the catalyst for the formation and maintenance of shelf 
morphologies discussed in this paper is sediment heterogeneity and the positive feedback 
that results from spatially varying sediment characteristics. We suggest that sources of 
sediment heterogeneity are relict stratigraphic features on inner shelves which may help 
to explain the distribution of inner shelf morphologies all over the world. This idea 
supports existing formation theories for shelf morphology but offers a mechanism that is 
characteristic of many shelves [Holland and Elmore, in press]. First, current theories of 
sand ridge formation have failed to explain the ubiquitous presence of sand ridge fields in 
various environments. The fonnation of sand ridges has been attributed to laterally 
migrating inlets [McBride and Maslow, 1991] which are significant sources of sand, but 
also sources of mixed sediments, from fine inlet margin sands to coarse shell and pebble 
lags of the inlet channel floor [Maslow and Heron, 1978]. At locations where the 
relationship between tidal inlets and sand ridges is harder to reconcile (eastern Canada, 
Texas, North Sea, etc), other sources of mixed sediments have been mapped beneath the 
seafloor. In eastern Canada, the fonnation of sand ridges near Sable Island have been 
related to reworked glacial outwash deposits from incised glacio-fluvial channels 
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[Dalyrymple and Hoogendoorn, 1997; Li and King, 2007]. Glacial meltwater discharge 
is capable of flowing and incising shelves just as fluvial discharge does, and sediments 
related to this process range from glacial till to coarser, abraded gravel and pebbles 
[Leeder, 1999]. A closer look at the literature reveals that many sand ridges form atop 
relict fluvial valleys [Rodriguez et al., 1999; Jin and Chough, 2002; Park et al., 2003; 
Knebel and Spiker, 1977] where cut and fill structures contain a wide range of sediment, 
from silts and clays to coarse gravel lags [Schwartz and Birkemeier, 2004; Riggs et al., 
1992] similar to our results. In most cases, previous authors have speculated that relict 
channels provide a source of sandy sediments but have neglected to consider the 
contribution of the heterogeneity of channel fill sediments as a potential catalyst for ridge 
formation. 
Though few observations and theories exist for the initiation of shore-oblique bars 
and rippled scour depressions/sorted bedforms, relationships between the features and 
stratigraphic sediment heterogeneity have been documented. Relict fluvial channels and 
tidal inlets are related to the presence of shore-oblique bars, the lateral (alongshore) 
extent of the bar field being closely related to the width of the underlying channel 
complex [Browder and McNinch, 2006]. Results presented in this paper show greater 
sediment heterogeneity associated with shore-oblique bars than with a convex shoreface 
(Figures 11 and 12). Suggested sources of mixed sediment for RSDs/sorted bedforms 
include shallow shelf strata [Thieler et al., 2001; Goff et a!., 2005] or reworked relict 
shelf deposits [Thieler et al., 2001; Ferrini and Flood, 2005]. Regardless of the type of 
shelf morphology being considered, a stratigraphic source of mixed sediments seems to 
be coupled with the morphology. 
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Not only can sediment heterogeneity account for the ubiquitous distribution of 
shelf morphologies, but it may also provide a mechanism by which an initial bed 
perturbation could persist on the shoreface long enough for the Huthnance model [1982] 
or later models [Trowbridge, 1995] to generate larger shelf morphologies (i.e. sand 
ridges). Rather than a storm event creating a perturbation on a sandy bed [Swift and 
Field, 1981; Swift, 1985], we propose that stonn-related waves and currents (on the 
shoreface or shelf) may expose an underlying stratum of different lithology. Shoreface 
sands on the east coast of the U.S. have often been found to be very thin implying that 
exposures of underlying strata may be quite common, especially on storm-dominated 
shelves [Thieler et al., 2001; Harris et al., 2005; Twichell et al., 2003; Mise/is and 
McNinch, 2006]. Regardless of the nature of underlying sediment exposed (coarser or 
finer), a concentration of distinct sediment is immediately created which could initiate a 
positive feedback mechanism between sediment patches [Murray and Thieler 2004; 
Green et al., 2004; Browder and McNinch, 2006]. Through this feedback, an initial bed 
perturbation could be preserved in a high energy system like the shoreface, just as rippled 
scour depressions/sorted bedfonns are preserved on the inner shelf [Murray and Thieler, 
2004; Thieler et al., 2001; Ferrini and Flood, 2005]. 
Based on this reasoning, we believe that shore-oblique bars may be shoreface 
precursors to stonn-generated sand ridges. First, shore-oblique bars and sand ridges 
share many common attributes (discussed in Section 5.1), suggesting a similar genesis. 
Second, because shore-oblique bars are most likely preserved by a feedback amongst 
heterogeneous sediments supplied from within relict fluvial and tidal inlet channels (see 
discussion in Section 5.2.2), they can be maintained in the energetic nearshore 
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environment. Of the authors that have addressed the initial ridge precursor, none have 
addressed the likelihood of its preservation on the shoreface. McBride and Moslow 
[ 1991] suggested that laterally migrating inlet-associated ebb tidal shoals served as ridge 
precursors. This idea was supported by an investigation of a shore-attached sand ridge on 
the New Jersey shelf in which sediment similar to that associated with ebb tidal deltas 
was found at the core of Peaha1a Ridge [Snedden et al., 1994]. However, on wave-
dominated, microtidal coasts ebb tidal deltas are less developed than flood tide deltas 
(Boothroyd, 1985) and due to lack of preservation, relict inlets are rarely identified by 
their ebb tidal delta components (Fisher, 1962). Evidence of the dispersal of 
unconsolidated sand mounds has been shown in both the engineering [ Grunnet and 
Ruessink, 2005; Hands and Bradley, 1990] and geological literature [Wells and Camp, 
1987]. Once the inlet system migrates or the inlet closes, the likelihood of ebb shoal 
preservation on the shoreface may be reduced, limiting the applicability of this ebb shoal 
growth model. 
Swift [ 1985] suggested that any seafloor perturbation, even just a few centimeters 
m height, could eventually grow into a sand ridge via the Huthnance [1982] or 
Trowbridge [1995] models. If sand ridges are thought to be formed on the shoreface 
(Swift and Field, 1981 ), it seems highly unlikely that a centimeter-scale bedform could be 
preserved long enough to form a sand ridge, especially considering that sand ripples are 
often wiped out during high energy events [Hanes et al., 2001; Li and Amos, 1999; 
Traykovski et al., 1999]. Sand ridge formation depends on not only a source of sand, 
bedform-oblique flow, and an initial bed perturbation [Snedden and Dabymple, 1999; 
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McBride and Maslow, 1991; Dalrymple and Hoogendoorn, 1997], but also a mechanism 
that can preserve an initial perturbation in a high energy enviromnent. 
From our observations and from a review of the literature, shore-oblique bars 
appear to satisfy all of these requirements. The source of sand is likely the PRRV that 
lies directly underneath the shore-oblique bars since there is little riverine input of sandy 
sediments to the coastal ocean [Riggs et al., 1996]. Rodriguez and others [1999] also 
attributed the formation of sand ridges on the sediment-starved Texas shelf to reworking 
of sand from relict incised valleys. Bedfonn (or barform) oblique flow is related to 
extratropical storms, which are common events on the coast of North Carolina [Lee et al., 
1998]. The initial bed perturbation is most likely initiated by exposure of differing 
lithologies associated with relict shelf stratigraphy [Browder and McNinch, 2006; this 
paper] thereby initializing the feedback between coarse and fine sediments documented 
for rippled scour depressions/sorted bedfonns [Green et al., 2004; Murray and Thieler, 
2004; Gutierrez et al., 2005]. There is evidence that this feedback mechanism is at work 
within shore-oblique bar fields and that preservation of bar morphology is intimately tied 
to the interaction between coarse and fine sediments (this paper, Section 5.2.2), thereby 
satisfying the requirement of preservation of the initial perturbation discussed above. 
While targeted observational and modeling efforts are necessary to fully understand the 
series of processes mentioned above, we believe the combination of our data with a 
review of the literature is provocative enough to warrant this speculation. 
6.0 Conclusions 
Analysis of geophysical and sedimentological data from a shore-oblique bar field 
on the northeastern coast of North Carolina shows that lateral and vertical sediment 
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heterogeneity (related to previously documented shallow shelf stratigraphy) is greater 
within the extent of the shore-oblique bar field than on the adjacent convex shoreface. 
Vibracore and seismic reflection data also reveal stratigraphic similarities between shore-
oblique bars and storm-generated sand ridges which implies a similar formation 
mechanism. A time series of bathymetric cross-sections perpendicular to the axis of a 
shore-oblique bar indicates that shore-oblique bars may be maintained by a feedback 
between coarse and fine sediments originally recognized in investigations of rippled 
scour depressions/sorted bedforms. Based on data presented here and a thorough review 
of the literature, we suggest that sediment heterogeneity is the catalyst in the fonnation of 
many types of shelf morphology (specifically, rippled scour depressions/sorted bedforms, 
sand ridges, and shore-oblique bars). Once seafloor heterogeneities are created, we 
believe the segregation between coarse and find sediments can be maintained based on 
the interaction of the flow with gradients in bed roughness. Finally, we suggest that 
shore-oblique bars may be a shoreface precursor to storm-generated sand ridges though, 
admittedly, much more work should be undertaken to confirm this conjecture. 
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Section Ill, Figure 1. Schematic diagram of conventional and 
observed cross-shore profiles. 
A. An idealized cross-shore profile showing the traditional shoreface 
representation using depth of closure as an arbitrary baseline. The 
speckled region represents the volume of sediment available for transport 
by waves and currents. B. An idealized cross-shore profile based on the 
findings of this study, where the volumeof the speckled region is dissected 
by a layer of differing geology. The sediment above the contact is 
considered to be transport-relevant. 
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Section Ill, Table 1. 
Target Morphology and Location of Vibracores 
Core Number Core Location ; Water Depth (m) Target Morphology 
NOBX-1 Southern Shores 6.25 Convex Shoreface 
NOBX-2-1 Kitty Hawk 10.5 Trough 
NOBX-2-2 Kitty Hawk 10.5 Trough 
NOBX-3 Kitty Hawk 7.25 Shore-oblique bar 
NOBX-11-2 Kitty Hawk 6.75 Upper shoreface 
NOBX-12 Kitty Hawk 3.75 Upper shoreface 
NOBX-13 Kitty Hawk 12.0 Trough 
NOBX-14 Kitty Hawk 10.5 Shore-oblique bar 
NOBX-4 Sea Ranch 8.50 Shore-oblique bar 
NOBX-5 Sea Ranch 9.50 Trough 
NOBX-15 Sea Ranch 8.50 Shore-oblique bar 
NOBX-16 Sea Ranch 4.50 Upper shoreface 
NOBX-17 Sea Ranch 10.0 Trough 
NOBX-6-1 S. Kill Devil Hills 6.50 Convex Shoreface 
NOBX-6-2 S. Kill Devil Hills 6.50 Convex Shoreface 
NOBX-18 Nags Head 7.50 Convex Shoreface 
NOBX-19 Nags Head 7.00 Convex Shoreface 
NOBX-20 Nags Head 9.50 Convex Shoreface 
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Section Ill, Figure 15. Temporal bathymetric 
cross-sections across two shore-oblique 
bars at the Sea Ranch site. 
··----- -------·--
- ----·-·-·-
--------.----·-------- ---,--------. ----
~ §' 
(1:> 
;:: 
...... 
;:s-o 
(1:> 
&' 
~ ~ 
(1:> q 
1::1 ;:: 
1::1... 
;:: 
~ 
~ ;:s-o 
0 
~ 
~ 
0 
~ ;:s-o 
0 
~ 
-~ 
Vl 
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Summary 
SUMMARY 
Using a variety of geophysical data, the relationships between shoreline change, 
nearshore morphology, sediment heterogeneity and coastal stratigraphy have been 
explored, underscoring the importance of the interactions between all of these elements. 
The volume of sediment available for exchange with the beach was found to be limited 
by nearshore stratigraphy and was correlated to decadal shoreline change. Coastal 
framework geology was also found to provide a source of heterogeneous sediments to the 
nearshore potentially leading to the development of three-dimensional nearshore 
morphology. In tum, longshore variable nearshore morphology appears to play an active 
role in beach-related sediment transport over short (interannual) and event-related (storm) 
time scales. The specific conclusions of each section of this work are presented below: 
Section 1: 
1) Geologically-defined nearshore sediment volume is related to decadal shoreline 
behavior. 
2) There is no significant relationship between shoreline change and sediment 
volume defined by a depth constant baseline, emphasizing the importance of 
nearshore framework geology. 
3) To determine sediment availability along the coast, divergences and convergences 
in longshore transport AND the variability of shallow stratigraphy should be 
considered. 
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Section II: 
I) Short-term shoreline mobility is related to nearshore morphology and dynamic 
volume changes. 
2) Temporal variations in nearshore volume are higher in regions with shore-oblique 
bars than in regions with shore-parallel bars. 
3) Highly spatially variable seafloor gradients associated with shore-oblique bars 
may alter normal nearshore sediment transport pathways thereby increasing the 
variability of shoreline position. 
Section III: 
1) Sediments associated with shore-oblique bars display a wider range of grain sizes 
than those from a convex shoreface. 
2) Shore-oblique bars are more similar to sand ridges than rippled scour 
depressions/sorted bedforms when their sediment composition, cross-sectional 
morphology and relationship to ravinement are considered. 
3) Shore-oblique bars may be maintained by a positive feedback between coarse and 
fine sediment and may be a precursor to storm-generated sand ridges. 
Though the focus of this research has been limited to one field site, as other 
nearshore environments are explored more examples of the morphology, lithology and 
stratigraphy discussed are expected to be found. Given the ubiquitous presence of rippled 
scour depressions/sorted bedforms and sand ridges, shore-oblique bars are likely present 
in nearshore zones around the world. Geophysical data from Sandbridge, VA [McNinch, 
2004; Browder and McNinch, 2006; Wikel et al., in review] and just north of Cape 
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Hatteras, North Carolina [McNinch and Mise/is, in review) already suggest that our 
observations are not anomalous. Clearly, many of these observations would be 
strengthened through targeted studies of local hydrodynamic processes, either inferred 
from remotely sensed radar or directly via instrument deployment. Hopefully, this work 
and future pursuits will continue to challenge us to improve our predictive modeling 
capabilities and ultimately lead to a better understanding of beach-relevant sediment 
transport. 
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APPENDIX A: Detailed Vibracore Descriptions 
In Section III, only a few of the vibracores collected in the field are described. 
However, given the inherent spatial variability of the field site, a full description of each 
vibracore is warranted. Though the results of radio carbon dating on a few of the cores 
were not central to the arguments made in Section III, the dates are included in these 
descriptions. Each core is described in the context of the survey site (Kitty Hawk, 
Southern Shores, etc) and the target morphology (shore-oblique bar/trough, convex 
shoreface, etc.). The figures included in this appendix illustrate the core locations and the 
details of the sediment characteristics. Only figures not included in Section III are shown 
here. 
Shore-oblique bar: Kitty Hawk 
Core NOBX-3 was taken from the center of one of the largest bars in the Kitty Hawk, 
NC bar field (Figure 1). The upper 200cm of the core appears to be composed of fine-
very fine sand (though there is a slight coarsening upward trend seen in the medium sand 
fraction (Figure 2) which is directly underlain by a layer of >50% gravel by weight 
(Figure 3). In between the first gravel layer (thickness: 23 em) and a virtually identical 
gravel layer (thickness: 16 em) ~50cm below it (Figure 3), lies a layer composes of 
~20% mud and >60% fine sand. From the second gravel layer to the bottom of the 
150 
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core, there is a slight coarsening upward trend. There is also a slight increase in fine 
sediment with depth below the second gravel layer (Figure 3). 
Core NOBX-14 was taken from the seaward end of the same large bar near Kitty Hawk 
(Figure 1). There was ~ 40 em of mostly fine-very fine sand above the gravel layer in 
NOBX-14 (Figure 4). The gravel layer underlying the uppennost layer was less coarse 
than those found in NOBX-3, showing only ~15% !:,>ravel by weight and having a 
thickness of only 10 em (Figure 5). Below the gravel layer, there is a slight coarsening 
upward trend and a subtle increase in mud percentage with depth (Figure 5). 
Shore-oblique bars: Sea Ranch 
Core NOBX-4 was collected from the center of a much smaller shore-oblique bar in the 
north of the Sea Ranch study area (Figure 6). A coarse layer with almost 40% gravel by 
weight was found approximately 60cm below the seafloor and was 10 em thick (Section 
III, Figure 5). Above that layer was mostly fine-very fine sand, very similar to the sand 
found above the gravel layer in NOBX-3 and NOBX-14 (Section III, Figure 5). Below 
the gravel layer, a subtle coarsening upward sequence is apparent (Section III, Figure 5). 
Superimposed on that trend, is an increase in fine sediment with depth, with several mud 
pulses (179 em with > 60% mud; 279 em with almost 20% mud; and 499 em with almost 
20% mud). A Spisula shell was found at 264 em (approx. -9.75m, MLW) and was sent to 
NOSAMS for radio carbon dating. The age was found to be 1870 ± 30 cal ybp. The 
813C value was found to be 2.33, a marine signature. 
Core NOBX-15 was recovered from the northern flank of a small shore-oblique bar just 
south of where NOBX-4 was collected (Figure 6). A gravel layer 10 em thick was found 
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fifteen centimeters below the seafloor, although with a finer signature than previously 
described layers ( < 10% gravel by weight; Figure 7). The sand above it was consistent 
with sediment found at or near the surface of other shore-oblique bars (Figure 8). 
Between the gravel layer and 418 em down core, a coarsening upward trend was 
observed (Figure 7). Below 418 em, an abrupt increase in medium sand was observed to 
coincide with a distinct decrease in mud content (Figure 7). At 481 em, a pulse of 
medium-coarse sand was observed (Figure 8). Additionally, another pulse of fine 
sediment (of almost 30% mud; rich in organics) was measured at 539cm. Sand below 
organic (brown) clay layer was found to be mostly pure quartz; in comparison to sand 
elsewhere in core, this sand was white to tan whereas other sand was gray. 
Trough: Kitty Hawk 
Due to positioning errors associated with getting the boat on target, and the 
relatively narrow width of the troughs, few cores taken in the trough actually managed to 
capture the nature of the surficial sediment. Cores NOBX-2-1 and NOBX-13 were 
collected from the deeper part of the trough in Kitty Hawk where it is wider and easier to 
sample. We therefore believe that the surface sediment of those cores is a good 
representation of the character of the trough. 
Core NOBX-2-1 was the shortest core recovered (length = 50 em) but showed the 
greatest range of heterogeneity. It was collected from the center of a trough near Kitty 
Hawk (Figure 1). The upper layer of the core was 10 em of poorly-sorted gravel, coarse 
sand, and shell hash with a median grain size of~ 1. 7 5 mm (Section III, Figure 6). This 
was underlain by 9 em of clean gray-black fine sediment. It was >70% mud by weight 
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with almost 40% silt and clay respectively (Section III, Figure 6). Directly under the 
clay layer, was a gravel-coarse sand-shell hash layer 31 em in thickness and almost 
identical to the layer at the top of the core, but with just slightly less fine sediment 
(Section Ill, Figure 6). 
Core NOBX-2-2 was taken from the northern edge of the trough, approximately 50 m 
from the location of NOBX-2-1 (Figure 1). The upper 130 em were mostly very fine 
sand, indicating that we were not where we had hoped to be in the trough (Figure 9). A 
14 em coarse layer, composed predominantly of gravel-very coarse and coarse sand was 
underlying the upper most sand unit. If we had been where we had expected to be in the 
trough, we would have expected this to be exposed at the seafloor. Below the coarse 
layer, the amount of fine sediment increased immediately (Figure 10). Unlike other 
cores, we observed a slight fining upward sequence below the gravel layer (Figure 1 0). 
At around 3.7 m below the seafloor there was a 5% decrease in the amount of mud 
(Figure 10). 
Core NOBX-13 was collected from the deepest portion of the trough in about -13 m 
(ML W). Oddly enough, rather than seeing coarse gravel at the surface of this core, we 
found a 1 0 em grayish brown layer that was > 60% mud ( ~ 16% clay and ~50% silt; 
Section III, Figure 7). At 116 em below the seafloor surface, a moderate increase in 
very coarse-coarse and medium sand was observed (Section Ill, Figure 7). The sand in 
between the top of the core and this "coarse" layer fined upward but below 116 em the 
sands coarsened upward (Section III, Figure 7). The coarse sediment composing this 
"coarse layer" was mostly found in very thin, discreet intervals throughout the bottom 1.3 
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m of the core, not forming a coherent coarse layer as was found in most other cores. The 
mud content remained fairly constant below a core depth of 40 em and there was no 
gravel observed (Section III, Figure 7). 
Trough: Sea Ranch 
Core NOBX-5 was recovered from the apex of a very narrow trough in the Sea Ranch 
region (Figure 6). The uppermost 70 em were composed of mostly very fine sand 
(Figure 11). The small amount of gravel associated with samples from that interval hint 
at a slight coarsening upward in that layer (Figure 12). At 70 em below the seafloor, a 
thin (thickness: 3 em) coarse layer is observed containing >20% gravel by weight 
(Figure 11). Below that layer, the mud content increases to ~15% (Figure 12). Below 
that layer, the mud and gravel content is highly variable while the median grain size is 
almost constant (Figure 12). Under ~3.7 m below the seafloor, the medium-coarse sand 
content increases to a maximum at about 4.4 m down core and then decreases the end of 
the core. At about 4.95 m down core, we observed an organic rich peat with wood 
fragments and lot of organics, from which we extracted datable material. The age was 
calculated to be ~24800 ± 150 RadioC ybp. However, the 813C value (-25.57) is a 
heavily terrestrial signature. It is believed this stratum was formed during the last glacial 
maximum when the continental shelf was much drier. The sand associated with this layer 
and the small layer underneath it was very different from the sand above it. It was 
composed almost completely of quartz grains and had few to no heavy minerals. An 
articulate Corbula sp. was also extracted from this core at a depth of 79 em ( -ll.2m, 
ML W). The radio carbon date for this shell was found to be 1870 ± 30 ybp and it had a 
813C value of0.47 indicating a marine origin. 
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Core NOBX-17 was collected from approximately -11 m (MLW) water depth near the 
southern flank of a narrow trough in the Sea Ranch region (Figure 6). The upper 1.5 m 
of the core has high coarse sediment content, the peak of which occurs 1 07 em down core 
(Figure 13). The coarse layer is ~20 em thick and spans the core length from 93-112 em. 
A second coarse layer (thickness: 14 em) occurs~ 150 em down core, just after a 14 em 
clay layer (Figure 14). Below the second coarse layer, the sediment is composed of 
primarily very fine sand, although there appears to be a slight coarsening upward 
signature due a decrease in fine sand down core (Figure 13). A peak in clay and silt 
occurs at a depth of 334 em down core (Figure 14). 
Cores landward of bars/troughs: 
Core NOBX-11-2 was recovered from the Kitty Hawk region, slightly north of the apex 
ofthe trough (Figure 1). The entire core was composed of predominantly fine-very fine 
sand (Figure 15). A modest peak in gravel content ( ~6% gravel by weight) occurred at 
152 em below the seafloor (Figure 16). The approximate thickness of this coarse layer 
was 1 0 em. There was too little fine sediment to justify pi petting for both silt and clay 
(generally around 3%) and the mud content was consistent throughout the core (Figure 
16). 
Core NOBX-12 was taken in 3 m of water, landward of the trough in Kitty Hawk 
(Figure 1 ). The core was composed of medium-fine sand (Figure 17). There was a peak 
in the medium sand content at 29 em down core and above that was a fining upward 
sequence (Figure 17). Below 29 em, the sediment fined with depth or retained its 
composition to a depth of 67 em, where medium-very coarse sand and gravel represented 
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50% of the sediment (Figure 17). A second coarse layer was encountered at ~ 1 00 em 
down core in which the gravel content and very coarse-medium sand content was > 20% 
(Figure 17). The thicknesses of the upper and lower coarse layers were 6 em and 10 em, 
respectively. The mud content was very low and consistent throughout the core (Figure 
18). 
Core NOBX-16 was collected in 4 m of water, landward of a shore-oblique bar in the 
Sea Ranch region (Figure 6). Above a pulse of coarser sediment (~9 em in thickness) 
consisting of mostly very coarse-medium sand at 120 em, the sediment is fairly uniform 
in median grain size (Section III, Figure 8). A slight increase in medium sand occurs at 
the water sediment interface (Section III, Figure 8). Below the coarse layer, a subtle 
coarsening upward trend is observed (Section III, Figure 8). Mud content is fairly 
consistent throughout the core, maintaining a fractional weight percentage of ~ 3% 
(Section III, Figure 8). 
Convex shoreface: Southern Shores 
Core NOBX-1 was collected from 6 m water depth along the convex shoreface in the 
Southern Shores region (Figure 19). A second core was attempted here, but during the 
coring process, the barrel snapped. Washdown occurred during core recovery, thereby 
rendering the sediment sequences useless. The sediment in NOBX-1 was predominantly 
fine sand (Section III, Figure 9) above a pronounced 15 em thick coarse layer at 122 em 
(Section III, Figure 9). Measurable mud was found in and below the coarse layer, but 
not above it (Section III, Figure 9). Gravel content peaked again around 162 em, but 
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overall the sediment at that depth was finer than the upper coarse layer (Section Ill, 
Figure 9). 
Convex shoreface: Kill Devil Hills 
Core NOBX-6-1 was taken from a region of convex shoreface south but adjacent to the 
shore-oblique bar field in Kitty Hawk (Section III, Figure 3). A subtle coarsening 
upward sequence was observed above a 10 em coarse layer located 92 em below the 
seafloor (Figure 20). Mud is found in the coarse layer and below it, but not above it and 
the percentage mud by weight is about 4% (Figure 20). Above the coarse layer, the sand 
is a mix of fine and very fine sand, while below the coarse layer, the sand is mostly very 
fine sand (Figure 21). 
Core NOBX-6-2 was taken approximately 5 m from NOBX-6-2 in order to try to achieve 
better penetration. A modest coarsening upward sequence is observed above a modest 
coarse layer (thickness: 10 em) 69 em below the seafloor surface (Figure 22). Clay was 
measured in the coarse layer and just below it (maximum of 5% mud just below the 
coarse layer), but there was not enough mud to justify a second pipette in layers at 89 em 
and below (Figure 22). A subtle coarsening upward trend in observed in the sediments 
below the coarse layer, which are composed of predominantly fine-very fine sand 
(Figure 23). 
Convex shoreface: Nags Head 
Core NOBX-18 was recovered in~ 8.5 m water depth from the convex shoreface in the 
Nags Head study region (Figure 24). A thin, 3 em coarse layer containing slightly less 
than 20% gravel was encountered 60 em below the seafloor (Figure 25). Above that 
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surface, fine-very fine sands fine upward but the mud content decreases with depth 
(Figure 25). Below the coarse layer, the median diameter varies only slightly and the 
mud percentage increases slightly with depth from 4 to 5% (Figures 25 and 26). 
Core NOBX-19 was taken just to the south ofNOBX-18 along the same isobath (Figure 
24). Overall, the core coarsens upward and mud content increases with depth (Section 
III, Figure 10). A thick coarse layer, from 66-106 em core depth was identified, 
composed of variable amounts of gravel (8-20%; Section III, Figure 10). Measurable 
clay was found only beneath the coarse layer (Section III, Figure 1 0). 
Core NOBX-20 was the longest core collected outside of the shore-oblique bar region, 
measuring almost 4 meters in length. It was recovered from the lower shoreface, seaward 
ofNOBX-18 in ~10.5 m water (Figure 24). The median grain diameter is quite variable 
down core, but overall shows a tendency to fine upward (Figure 27). A coarse layer with 
a maximum of more than 20% !:,'Tavel starts 100 em below the seafloor and continues to 
109 em, though the gravel content gradually decreases (Figure 28). The sands above and 
below the coarse layer are composed primarily of fine-very fine sand (Figure 28). A 
peak in mud content occurs at 187 em; above it the mud content subtly increases with 
depth while below it the mud content decreases with depth (Figure 27). A second peak 
in coarse sediment was found at the bottom of the core (Figures 27 and 28). 
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Appendix A, Figure 1. Bathymetric map of Kitty Hawk 
with vibracore locations and numbers. 
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Appendix A, Figure 2. Sediment composition with depth for NOBX-3. 
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Appendix A, Figure 3. Median grain size (L) and mud and 
gravel content (R) with depth for NOBX-3. 
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Appendix A, Figure 4. Sediment composition with depth for NOBX-14. 
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Appendix A, Figure 5. Median grain size (L) and mud and 
gravel content (R) with depth for NOBX-14. 
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Appendix A, Figure 6. Bathymetric map of Sea Ranch 
with vibracore locations and numbers. 
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Appendix A, Figure 7. Median grain size (L) and mud 
and gravel content (R) with depth for NOBX-15. 
165 
Appendix A 166 
Appendix A, Figure 8. Sediment composition with 
depth for NOBX-15. 
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Appendix A, Figure 9. Sediment composition with depth 
for NOBX-2-2. 
NOBX-2-2 
"""!" -- ~---- --.--·---~ --, ,~ ~ ".I" -·-
20 I 
70 i 
I 
135 
i 
160 
190 
220 
250 •% Gravel 
167 
i % V. Coarse Sand 
-280 I %Coarse Sand E ~ 310 %Medium Sand 
.s:. 
Q. 340 •% Fine Sand 
(I) 
•% V. Fine Sand c 370 
400 •% Silt/Mud 
Ill_ %Clay 
430 
460 
490 
520 
550 
580 
0% 20% 40% 60% 80% 100% 
-------- ----------- ----------- --
Appendix A 
Appendix A, Figure 10. Median grain size (L) and mud and 
ravel content R for NOBX-2-2. 
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Appendix A, Figure 11. Sediment composition with 
depth for NOBX-15. 
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Appendix A, Figure 12. Median grain size (L) and mud and 
gravel content (R) with depth for NOBX-15. 
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Appendix A, Figure 13. Sediment composition with depth for NOBX-16. 
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Appendix A, Figure 14. Median grain size (L) and mud and 
gravel content (R) with depth for NOBX-17. 
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Appendix A, Figure 15. Sediment composition with depth for NOBX-11-2. 
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Appendix A, Figure 16. Median grain size (L) and mud and 
gravel content (R) with depth for NOBX-11-2. 
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Appendix A, Figure 17. Sediment composition with depth for NOBX-12. ~ ~-
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Appendix A, Figure 18. Median grain size (L) and mud and 
gravel content (R) with depth for NOBX-12. 
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Appendix A, Figure 19. Bathymetric map of Southern Shores 
with vibracore location and number. 
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Appendix A, Figure 20. Median grain size (L) and mud and 
gravel content (R) with depth for NOBX-6-1. 
20 20 l-0 sol -%Mud 
· · · · · · · %Gravel 
40 40-
.--
E 60 60-
~ 
.... 
0 
0 80 80 '+= 
ro (]) 
V1 
3:; 
0 100 100 
(]) 
co 
.!: 
.j-1 
c.. 120 (]) 120 
0 
140 140 : 
160 160 L---~--~--__J 
1 0-0.99 1 0-0.82 0 5 10 15 
Grain Diameter (mm) Percentage 
178 
Appendix A, Figure 21. Sediment composition with depth for NOBX-6-1. 
39 
79 
92 
-E 
u 
-~ 99 
-c. Q) 
c 
119 
129 
159 
0% 
NOBX-6-1 
. ----· . --T---~-~-~ ----··-· 
20% 40% 60% 80% 100% 
• •% Gravel 
% V. Coarse Sand I 
% Coarse Sand · 
% Medium Sand 
•% Fine Sand 
•% V. Fine Sand 
•% Silt/Mud 
•%Clay 
~ 
"15 (\) 
;::: 
~ 
~-
::t:... 
-....) 
\0 
-E 
~ 
..c:: 
-c. Q) 
c 
Appendix A, Figure 22. Sediment composition with depth for NOBX-6-2. 
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Appendix A, Figure 23. Median grain size (L) and mud and 
gravel content (R) with depth for NOBX-6-2. 
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Appendix A, Figure 24. Bathymetric map of Nags Head 
with vibracore locations and numbers. 
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Appendix A, Figure 25. Median grain size (L) and mud and 
gravel content (R) with depth for NOBX-18. 
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Appendix A, Figure 26. Sediment composition with depth for NOBX-18. 
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Appendix A, Figure 27. Median grain size (L) and mud and 
gravel content (R) with depth for NOBX-20. 
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Appendix A, Figure 28. Sediment composition with depth 
for NOBX-20. 
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